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Abstract 29 

 This work presents a simplified method for the nonlinear analysis of the load-displacement response of piles 30 

in multi-layered soils. A new interface model based on the disturbed state concept (DSC) is put forth to simulate the 31 

interface shear stress-displacement relationship by considering the nonlinear hardening-softening behaviour. In the 32 

new model, input parameters can be conveniently calibrated using conventional interface shear tests or on-site tests. 33 

The good agreement between predictions and experimental data from interface direct shear tests validated the 34 

performance of the proposed DSC model. The DSC model performed better in terms of predictions when compared 35 

to the hyperbolic one. Next, the soil-structure interface model and bearing capacity theory are coupled to provide a 36 

theoretical framework for the analysis of pile load-transfer in saturated and unsaturated multi-layered soils, where the 37 

DSC model is employed to represent base resistance as well as skin friction. This work also discusses the profile of 38 

steady-state in-situ matric suction, soil-water characteristic curve, and pore-water pressure of unsaturated soils. The 39 

proposed method has the advantage of being used in practice as it is simple to obtain input parameters from laboratory 40 

tests, as well as Standard Penetration or Cone Penetration Tests. The proposed framework is finally applied to the 41 

analysis of four well-documented case studies. The proposed approach and the static load test results from the field 42 

measurements are found to be in satisfactory agreement, indicating that the proposed method performs well. The 43 

proposed method is suggested to be utilised for preliminary analysis, planning a suitable programme of loading tests, 44 

as well as optimizing the pile design by back analysis of the load test results.  45 

 46 

Keywords: Piles; settlement; soil-structure interaction; bearing capacity; softening model; analytical method; 47 

disturbed state. 48 

 49 
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1. Introduction 64 

Pile foundations provide high bearing capacity and have been widely employed to support a variety of 65 

applications such as building, deep excavations, slopes, tunnels, and embankments. The load-transfer mechanism of 66 

a single pile element includes skin friction resistance along the soil-pile interface and ground reaction at the pile base. 67 

There have been several attempts to develop techniques for determining the load-settlement behaviour of individual 68 

piles and pile groups, ranging from simplified analytical methods to sophisticated numerical modelling and full-scale 69 

in-situ experiments. As the behaviour of piles subjected to vertical force is a complex problem, the experimental 70 

approach is regarded as one of the most effective methods for analysing the behaviour of piles. The in-situ tests, 71 

however, are difficult, expensive, and time-consuming. In the majority of cases, design engineers prefer to use 72 

analytical approaches, particularly in the preliminary design phase. 73 

The load transfer mechanism of piles frequently exhibits a highly nonlinear behaviour due to the intricate 74 

interactions between piles and the surrounding soils. The nonlinearity in the load-settlement response of the piles 75 

requires simultaneous consideration of both shaft and base resistance (Castelli and Maugeri 2002; Paik and Salgado 76 

2003; Park et al. 2012; Seo et al. 2009; Nadan and Patra 2014). The existing methods have typically used the 77 

theoretical load-settlement relationship with the hyperbolic model to investigate the nonlinear behaviour of individual 78 

piles (Hirayama 1990; Flemming 1992; Dithinde et al. 2011; Dias and Bezuijen 2018). The hyperbolic model, 79 

however, might only be appropriate in the unique scenario of strain hardening that is, the skin friction increases with 80 

the relative pile–soil displacement. In reality, skin resistance deterioration has been reported in full-scale field test 81 

results where skin friction softening was observed (Reese and O'Neill 1988; Caputo et al. 1991; Briaud et al. 2000; 82 

Zhu and Chang 2002; Fioravante 2002; Lee et al. 2003; Fellenius et al. 2004; Zhang et al. 2010; Lehane et al. 2012; 83 

Park and Lee 2015; Bohn et al. 2017). The typical characteristic of skin friction softening is that the skin friction 84 

increases with the pile-soil displacement before reaching its peak value and then decreases to a residual value (Figure 85 

1). As a result, the skin friction resistance in this situation cannot be reasonably predicted by the hyperbolic models 86 

(Zhang and Zhang 2012). Several models, including the dual exponential, the rational-function, and the three-phase 87 

piecewise-hyperbolic models, have been recently developed to characterise the softening behaviour of geomaterials 88 

and structures (Seol et al. 2009; Zhang and Zhang 2012; Zhu et al. 2021; Chen et al. 2022). These models were, 89 

however, more frequently applied to the behaviour of the anchor-soil interface than to that of the pile. Moreover, they 90 

are less ideal for application in pile load-transfer analysis as they are defined piecewise and contain many assumed 91 

parameters. In the current theoretical load transfer modelling frameworks for piles, the interface stress-92 

displacement model and its parameters were typically chosen based on the epistemic experience of specific 93 

researchers and/or back analysis of the in-situ test data, particularly of the pile load-displacement data (Tang and 94 

Phoon 2018; Guo et al. 2022; Guo et al. 2023). For this procedure, the tested structural boundary conditions at the 95 

pile head were substantially used. This parameter calibration method is indirect, semiempirical, and constrained by 96 

the outcomes of the in-situ tests. Therefore, further studies are necessary for modelling the characteristics of pile-soil 97 

interfaces, more accurately. 98 
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In this study, a simplified method for the nonlinear analysis of the load-settlement response of piles in 99 

saturated and unsaturated multi-layered soils which takes into account shaft resistance deterioration and base 100 

resistance hardening is presented. Firstly, an adhesion-friction-based model is developed using the disturbed state 101 

concept (DSC) to describe the behaviour of the soil-pile interface. The experimental outcomes of interface direct 102 

shear tests are then used to verify the proposed DSC model. Next, based on the established integrated interface model, 103 

a comprehensive load-transfer modelling framework of piles is developed for analysing the nonlinear load-settlement 104 

behaviour. This work also discusses the profile of steady-state in-situ matric suction, soil-water characteristic curve, 105 

and pore-water pressure of unsaturated soils that allows to apply the proposed method to piles in unsaturated soils. 106 

The effectiveness and accuracy of the proposed approach are evaluated using well-documented field test results 107 

gathered from the literature. 108 

 109 

Figure 1. Mobilization of interface shear stress with pile-soil relative displacement 110 

2. Disturbed state-based interface model 111 

 In current studies, the nonlinear behaviour involving the interface shear stress and relative displacement is 112 

frequently explained by a hyperbolic relationship. The hyperbolic relationship, however, can be applied to special 113 

situations, like strain hardening but it is unable to replicate how resistance deteriorates with increasing displacement. 114 

In addition, the preceding methods neglected the impact of the soil disturbance on the mobilised shear stress at the 115 

soil-structure interface. Finally, these techniques were mainly developed to study the interaction between 116 

saturated granular soil and structures and limited research was performed on the unsaturated soil-structure interfaces. 117 
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In order to address these shortcomings, a more generalised interface model for load-transfer analysis is still needed. 118 

The following simplifications are employed in the development of the present method: 119 

i) Adhesion and interface friction coexist and simultaneously contribute to the resistance of the soil-structure interface. 120 

ii) The soil is thought to remain in a linear elastic state outside of the soil-structure interface.  121 

iii) The nonlinear displacement mostly happens along the disturbed zones surrounding the structure interface.  122 

iv) The structures undergo negligible horizontal deformation. 123 

2.1. Adhesion-friction based interface theory 124 

It is well acknowledged that the geomaterial-structure interface shear strength at a specific displacement is 125 

typically made up of interface adhesion 𝜏𝑐(𝑠) involving the bonding and interface friction 𝜏𝜑(𝑠) involving particle 126 

sliding (Chu and Yin 2005; Mitchell and Soga 2005; Pham 2020b; Chen et al. 2022). According to Figure 2, the 127 

interface shear strength can be expressed as the sum of the responses as follows:  128 

𝜏 (𝑠) = 𝜏𝑐(𝑠) + 𝜏𝜑(𝑠)          (1) 129 

where, 𝜏 (𝑠), 𝜏𝑐(𝑠), 𝜏𝜑(𝑠) = total, adhesion, and friction components of the interface shear strength, respectively; 𝑠 130 

= relative displacement of the interface. 131 

 132 

Figure 2. Mobilization mechanism of interface shear resistance: a) adhesion component; b) friction component; c) 133 

total interface shear strength 134 

In geotechnical engineering, the term adhesion is used to define the cohesive strength between the structure 135 

surface and soils. Interface adhesion first becomes more mobilized with increasing displacement before approaching 136 

a constant value as illustrated in Figure 2a. The total adhesion of the soil-structure interface is generally contributed 137 

by intermolecular forces like electrostatic and Van der Waals, soil suction from water's surface tension on soil particles, 138 

and cementation from the chemical bonding of soil particles (Figure 3a). The general expression for the involvement 139 

of several factors in the mobilization of interface adhesion is as follows: 140 

𝜏𝑐(𝑠) = 𝜏𝑐
𝑖  + 𝜏𝑐

𝑐 + 𝜏𝑐
𝑠        (2) 141 

where 𝜏𝑐
𝑖  = interface adhesion induced by intermolecular force, 𝜏𝑐

𝑐 = interface adhesion induced by cementation, , 𝜏𝑐
𝑠 142 

= interface adhesion induced by suction 143 
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Meanwhile, the interface friction is provided by surface-to-surface interaction through a combination of 144 

sliding, dilatancy effects, particle crushing, and rearrangement of particles as shown in Figure 3b. However, the 145 

relative contributions of each of these factors to the peak shear strength of sands and clays can vary, and not all 146 

contributing factors need to appear at the same time for either sands or clays. It is evident that the effects of crushing, 147 

dilatancy, and particle rearrangement all have a decreasing influence as value (𝜏𝜑
𝑝
− 𝜏𝜑

𝑐𝑠) decreases. This tendency is 148 

appropriate for both sands and clays. Clays, for instance, may have the small effects of crushing and dilatancy but the 149 

impacts of these factors may increase depending on the over-consolidation ratio or the course-grain amount in clays. 150 

It should be also noted that the friction component is influenced by several factors such as surface roughness, relative 151 

density, normal pressure, over-consolidation ratio, and structure material type (Potyondy 1961; Uesugi et al. 1990; 152 

Martinez and Frost 2017; Wang et al. 2019; Pham 2020c; Ravera et al. 2021; Hashemi et al 2022). Experimental 153 

results from direct shear and torsional shear tests suggest that interfaces exhibit strain-hardening behaviour when 154 

loose sand soils, normally consolidated or lightly over-consolidated clays are involved, whereas strain-softening 155 

behaviour is observed when dense sand or heavily overconsolidated clays are tested (Kishida and Uesugi 1987; Hu 156 

and Pu 2004; Toufigh et al. 2017). Interface friction is generally mobilized with increasing interface displacements 157 

as shown in Figure 3b. The general description of how various components contribute to the mobilization of interface 158 

friction is as follows: 159 

𝜏𝜑(𝑠) = 𝜏𝜑
𝑖 + 𝜏𝜑

𝑠 + 𝜏𝜑
𝑑 + 𝜏𝜑

𝑐        (3) 160 

where 𝜏𝜑
𝑖  = interface friction induced by interlocking, 𝜏𝜑

𝑠  = interface friction induced by sliding, 𝜏𝜑
𝑑  = interface 161 

friction induced by dilatancy effect, 𝜏𝜑
𝑐  = interface friction induced by particle crushing. 162 

 163 

a)       b) 164 

Figure 3. Contribution of components on the soil-structure interface resistance: a) Adhesion, b) Friction 165 

 The interface adhesion concurrently occurs with interface friction as soil-structure relative displacement 166 

increases. However, the ultimate friction and ultimate adhesion are not mobilized at the same displacement. In most 167 

cases, the adhesion component is mobilized first, even at relatively small displacements. Following that, the friction 168 

component starts to be mobilized as the adhesion reaches the ultimate value. The transition between the adhesion and 169 
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friction components is represented by the disturbance degree of the interface. If the friction mobilization decrement 170 

is greater than the adhesion increment, the interface shear stress may then decline and approach the critical state value 171 

(Figure 2c). An interface model, therefore, must be able to simulate the mutual evolution between adhesion and 172 

friction components as well as the degree of interface disturbance in order to accurately capture the shear stress-173 

displacement relationship. Here, the DSC theory, which offers a suitable approach, is chosen to characterise the 174 

nonlinear behaviours of the soil-structure interface and is presented in the next sections. 175 

2.2. Disturbance function for interface 176 

 Desai (2001) presented the idea of the disturbed state, which proposed that the material interface response 177 

can be specifically divided into two distinct mechanical states: the relatively intact (RI) state and the fully adjusted 178 

(FA) state. Parts of a deforming material are said to be in the RI state if they are still in their original (continuum) 179 

state, whereas parts are said to be in the FA state if they are still in their degraded state (discontinues). The elements 180 

in the interface zone at the RI and FA states will be randomly distributed and work jointly. With increasing disturbance, 181 

the response of the two states changes dynamically, reflecting the deteriorations and discontinuities of the materials 182 

from a micro perspective (Figure 4). The adhesion-friction mobilization theory, which was previously described, and 183 

the variation between the two RI and FA states are clearly in a logical relationship. Specifically, as friction 184 

components increase, the number of elements covered by the FA state must rise and disturbance becomes larger.  As 185 

a result, the degree of interface disturbance, which reflects the state of the elements in the interaction zone, has a 186 

substantial influence on the interface shear strength. 187 

 188 

Figure 4. Transition between RI and FA states with disturbance degree  189 

 The disturbance degree of an interface is often described by the disturbance function 𝐷𝑖  (0 ≤ 𝐷𝑖 ≤ 1) which 190 

practically indicates the degree of interface damage from an external disturbance. The function 𝐷𝑖  will provide a 191 
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higher value when the interface is subjected to more severe external disturbances. In particular, if 𝐷𝑖 = 0, the 192 

disturbance will completely disappear, and all interface elements will be in the RI state. But, if 𝐷𝑖 = 1, the interface 193 

will be completely disturbed, and all interface elements will be in the FA state. In the modelling framework presented 194 

herein, 𝐷𝑖  is defined as the proportion of FA state interface elements (𝑛𝐹𝐴) to total interface elements (𝑛𝑖). 195 

𝐷𝑖 = 
𝑛𝐹𝐴

𝑛𝑖
         (4) 196 

 197 

Figure 5. Probability density function and interface elements 198 

 The quantity of FA state interface elements and that of RI state interface elements are dynamically changing 199 

as soil-structure relative displacement increases, as shown in Figure 5. The Weibull distribution can be used to 200 

mathematically describe the shear strength of all interface elements (Desai 2001; Baghini et al. 2018; Huang et al. 201 

2020; Wu et al. 2022). The definition of the probability density function (PDF) is as follows: 202 

𝑃𝐷𝐹(𝑥) =
𝜂

𝜉
(
𝑥

𝜉
)
𝜂−1

𝑒−(𝑥/𝜉)
𝜂
        (5) 203 

where 𝜂 and 𝜉 = two probability parameters, 𝑥 = the process variable and is defined as the relative displacement 204 

between the soil and the structure surface in this work. 205 

 The number of interface elements in the FA state increases to 𝑛𝐹𝐴  when the soil-structure relative 206 

displacement reaches value 𝑠 which can be expressed as follows: 207 

𝑛𝐹𝐴 = ∫ 𝑛𝑖. 𝑃𝐷𝐹(𝑥)𝑑𝑥
𝑠

0
         (6) 208 

Substituting (5) into (6) gives: 209 
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𝑛𝐹𝐴 = ∫ 𝑛𝑖.
𝜂

𝜉
(
𝑥

𝜉
)
𝜂−1

𝑒−(𝑥/𝜉)
𝜂
𝑑𝑥

𝑠

0
 = 𝑛𝑖. (1 − 𝑒

−(𝑠/𝜉)𝜂)     (7) 210 

Replacing Eq. (7) in (4) leads to the following expression: 211 

   𝐷𝑖 = (1 − 𝑒−(𝑠/𝜉)
𝜂
)         (8) 212 

The disturbance function is rewritten in the simplified form as follows: 213 

    𝐷𝑖 = 1 − 𝑒−𝑎𝑠          (9)  214 

2.3. Interface shear stress-displacement model  215 

 The disturbance can also be considered as the deviation of the current deforming state with respect to the 216 

initial and final states of the material, which can be defined by using the interface shear stress. The disturbance 217 

function for the hardening-softening response of the interface generally can be defined as follows: 218 

𝐷𝑖
ℎ = 

𝜏

𝜏𝑝
         (10) 219 

𝐷𝑖
𝑠 = 

𝜏𝑝−𝜏

𝜏𝑝−𝜏𝑐𝑠
         (11) 220 

where 𝐷𝑖
ℎ = disturbance function for the hardening phase; 𝐷𝑖

𝑠 = disturbance function for the softening phase which is 221 

similar to residual factor; 𝜏, 𝜏𝑝, 𝜏𝑐𝑠 = current, peak, and residual shear stress, respectively.  It should be noted that the 222 

critical state shear stress is defined as a constant stress value even when the interface displacement is continuously 223 

increased. When there is no softening phase (only hardening behaviour), the peak and critical state shear stress are 224 

identical and are frequently referred to as the ultimate value. 225 

 It is necessary to integrate functions 𝐷𝑖
ℎ  and 𝐷𝑖

𝑠  into a unique disturbance function to achieve a smooth 226 

transition between the hardening and softening phases on the shear stress-displacement curve. Eq. (11) is substituted 227 

into Eq. (10) to produce: 228 

𝜏 =
𝐷𝑖
ℎ.𝐷𝑖

𝑠.𝜏𝑐𝑠

𝐷𝑖
ℎ+𝐷𝑖

𝑠−1
=  𝑏. 𝐷𝑖 − ∆𝜏       (12) 229 

where 𝑏 = model parameter, ∆𝜏 = shear stress variation in the softening region. No shear stress reduction occurs after 230 

the post-peak zone in the case of hardening behaviour, so  ∆𝜏 = 0 and 𝑏 = 𝜏𝑝. However, if the softening behaviour 231 

occurs, ∆𝜏 ≠ 0. The method based on the shape of the curve is used to account for the softening behaviour component. 232 

The softening curve part is therefore thought to be the result of any hypothetical hardening curve minus the post-peak 233 

shear stress decrease zone (coloured area), as illustrated in Figure 6. In this work, the softening portion of the shear 234 

stress-displacement curve is assumed to have a hyperbolic shape. The transition curve portion is represented as 235 

follows: 236 

∆𝜏 = 𝑐(𝑠2 − 𝑠𝑝
2)        (13) 237 

where, 𝑐 = calibration parameter to represent the real form of the curve, 𝑆𝑝 = ultimate displacement corresponding to 238 

the peak shear stress. 239 
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 240 

Figure 6. Calculation framework of the hardening-softening curve 241 

Substituting Eqs. (9) and (13) into (12) give interface shear strength: 242 

𝜏 = 𝑏 (1 − 𝑒−𝑎𝑠) − 𝑐(𝑠2 − 𝑠𝑝
2)       (14) 243 

It should be observed that the interface shear stress, however, has a constant value and equals the critical state shear 244 

stress when it approaches the critical state condition. This was confirmed by the measurements in reported direct shear 245 

tests (Kishida and Uesugi 1987; Mortara et al. 2007; Farhadi and Lashkari 2017; Maghsoodi et al. 2020). Hence, the 246 

full form of the proposed equation can be written as follows: 247 

   {
𝜏 = 𝑏 (1 − 𝑒−𝑎𝑠) − 𝑐(𝑠2 − 𝑠𝑝

2)                                          𝑖𝑓 𝑠 ≤ 𝑠𝑐𝑠                       

𝜏 = 𝜏𝑐𝑠                                                                                       𝑖𝑓 𝑠 > 𝑠𝑐𝑠                          
(15) 248 

where 𝑠𝑐𝑠 = critical state displacement. It is noted that the proposed model comprises three parameters with clear 249 

physical meanings, in which 𝑎 controls the slope of the hardening curve part, 𝑏 controls the peak part of the curve, 250 

and 𝑐 controls the softening curve portions. However, all three of these parameters must be coupled in a specific way 251 

for the convenience of applicability. 252 

 It should be noted that in some special cases, interface shear strength may only consist of interface friction 253 

due to the absence of interface adhesion. This is true for structures embedded in coarse soils such as sand and gravel. 254 

In almost all other cases, frictional resistance and adhesion, which are mobilized concurrently, combine to produce 255 

an interface peak shear strength. However, it is difficult to infer from the results of soil tests how much of the shear 256 

strength is provided by friction and adhesion. By using the proposed model, the friction and adhesion components 257 

can be determined as follows: 258 

 𝜏𝑐(𝑠) = 𝑐𝑝.
1−𝑒−𝑎𝑠

1+𝑒−𝑎𝑠
          (16a) 259 

 𝜏𝜑(𝑠) = 𝜏 (𝑠) − 𝜏
𝑐
(𝑠) = 𝑏. (1 − 𝑒−𝑎𝑠) − 𝑐𝑝.

1−𝑒−𝑎𝑠

1+𝑒−𝑎𝑠
− 𝑐(𝑠2 − 𝑠𝑝

2)    (16b) 260 

where 𝑐𝑝 = peak adhesion of the interface. 261 

2.4. Determination of model parameters 262 

 When calculating the values of the three model parameters (𝑎, 𝑏, 𝑐), it is acceptable to use information from 263 

characteristic points (also known as interface characteristic parameters) in the shear stress-displacement curve. The 264 

initial point, ultimate elastic point, peak stress point, and residual stress points are some important locations of the 265 
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curve that can be considered. These points yield the peak shear stress 𝜏𝑝, the displacement corresponding to the peak 266 

shear stress 𝑠𝑝, the critical state shear stress 𝜏𝑐𝑠, and the initial shear stiffness 𝑘𝑖𝑛𝑖. Figure 7 illustrates the boundary 267 

conditions to determine these model parameters. 268 

The derivative of the interface shear stress-displacement relationship is written as follows: 269 

𝑑𝜏

𝑑𝑠
=

𝜕[𝑏.(1−𝑒−𝑎𝑠)]

𝜕𝑠
+

𝜕[(𝑠𝑝
2−𝑠2).𝑐]

𝜕𝑠
= 𝑎. 𝑏. 𝑒−𝑎𝑠 +  2𝑐. 𝑠     (17) 270 

 271 

Figure 7. Determination of model parameters based on the boundary conditions. 272 

Boundary condition 1: At displacement 𝑠𝑝, corresponding to the peak shear stress, the disturbance function equals 273 

the ultimate disturbance parameter 𝐷𝑖
𝑝

. 274 

   𝐷𝑖
𝑝
= 1 − 𝑒−𝑎𝑠𝑝         (18) 275 

 Experimental results show that 𝐷𝑖
𝑝

 varies in a range of 0.90 and 1. The parameter 𝑎 is then determined: 276 

𝑎 = −
ln (1−𝐷𝑖

𝑝
)

𝑠𝑝
         (19) 277 

Boundary condition 2: At sliding displacement, s = 𝑠𝑝, the shear stress equals to peak interface shear stress 𝜏𝑝  278 

   𝜏𝑠=𝑠𝑝 = 𝑏 (1 − 𝑒
−𝑎.𝑠𝑝) =  𝜏𝑝       (20) 279 

The parameter 𝑏 can then be implied as follows: 280 

   𝑏 =
𝜏𝑝

1−𝑒−𝑎.𝑠𝑝
         (21) 281 
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Boundary condition 3: At the origin of the stress-displacement curve, the derivative of interface shear stress over 282 

sliding displacement equals to initial shear stiffness: 283 

   
𝑑𝜏

𝑑𝑠
|
(𝑠=0)

= 𝑎. 𝑏 = 𝑘𝑖𝑛𝑖        (22) 284 

If 𝑘𝑖𝑛𝑖 is known, the parameter 𝑏 could be also determined by:  285 

   𝑏 = −𝑘𝑖𝑛𝑖.
𝑠𝑝

ln(1−𝐷𝑖
𝑝
)
        (23) 286 

Boundary condition 4: At sliding displacement s = 𝑠𝑝, the derivative of interface shear stress over displacement is 287 

zero: 288 

   
𝑑𝜏

𝑑𝑠
|
(𝑠=𝑠𝑝)

= 𝑎. 𝑏. 𝑒−𝑎.𝑠𝑝 − 2𝑐. 𝑠𝑝 = 0      (24) 289 

   𝑐 =
𝑎.𝑏.𝑒−𝑎.𝑠𝑝

2𝑠𝑝
          (25) 290 

2.5. Verification of the interface model 291 

 292 

 The shear test results reported in the literature are used to validate the proposed interface model. The 293 

performance of the proposed model is assessed separately based on its applicability to model two scenarios: only 294 
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hardening behaviour and hardening-softening behaviour. Seven data sets therefore are used to evaluate the model 295 

performance, in which three datasets are available for loose soils and four data sets are available for dense soils. 296 

Characteristic reference values of the experimental data, which were taken from these selected studies, are provided 297 

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 298 

soils with only a hardening response. However, the values of peak and critical state shear stress differ in dense soils 299 

with a hardening-softening response. The proposed model was further strengthened by comparison with the 300 

hyperbolic model in this study. 301 

 302 

Figure 8. Comparison between the predicted and measured outcomes for loose soils: a) test data after Zhang and 303 

Zhang (2006); b) test date after Evgin and Fakharian (1997); c) test data after Liu et al. (2014)  304 

 Figure 8 compares the predicted outcomes from the proposed model with the hyperbolic model and measured 305 

data for loose soils. It should be noted that each test data set uses the same input parameters for analytical models to 306 

predict interface shear stress-displacement curves under different scenarios, except for peak shear stress. The results 307 

predicted by the proposed model matched well with the experimental data, indicating that the model utilized in this 308 

study is appropriate for describing the interface shear stress mobilized with displacement. It should be noted that the 309 

proposed model and test results have a better agreement than the hyperbolic model. Moreover, the hyperbolic model 310 

consistently demonstrates that shear stress rises with increasing displacement, even at high displacement values. 311 
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Nonetheless, the test results demonstrate that as displacement is increased to a large value, shear stress approaches a 312 

constant value, which leads to a better performance as compared to the hyperbolic model.  313 

 The predictions of the proposed model are compared with the hyperbolic model and measured data for dense 314 

soils or over-consolidated soils in Figure 9. According to the measured data, the shear stress increases with increasing 315 

sliding displacement to a peak value, then starts to decrease, and finally reaches a constant critical state value. As can 316 

be seen, the proposed model accurately describes three crucial transition phases of the curve (hardening, softening, 317 

and critical state zones), indicating that it is a good fit for describing the shear stress-displacement curve, particularly 318 

for characterizing the softening behaviour. On the other hand, for the hyperbolic model, which only considers the 319 

hardening behaviour, the predicted curves greatly deviate from the experimental values. The hyperbolic model, 320 

therefore, fails to reflect the post-peak behaviour of the interface shear stress. 321 

 322 

Figure 9. Comparison between the predicted and measured outcomes for dense soils: a) test data after Hu and Pu (2004); 323 
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) 324 

By using the test data from two cases, the proposed model illustrates how adhesion and friction components contribute 325 

to the interface shear strength, as shown in Fig. 10a for loose soils and Fig. 10b for dense soils. As can be observed, 326 

the adhesion rises quickly with increasing sliding displacement and approaches a peak value (in this case 𝜏𝑐
𝑝
=327 

12 𝑘𝑃𝑎, 𝑠𝑐 = 0.47𝑚𝑚) which indicates that the displacement range to mobilize ultimate adhesion is comparatively 328 
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small. The friction component, however, mobilizes significantly and approaches a limiting value in the case of loose 329 

soils or later displays softening behaviour in the case of dense soils. It is important to note that the contribution of 330 

friction to interface shear stress is significantly higher than that of adhesion.  331 

  332 
a) 333 

 334 
b) 335 

Figure 10. Evolution contribution of adhesion and friction components to interface shear stress: a) Test data from 336 

Evgin and Fakharian 1997 (𝜎 = 50 kPa); b) Test data from Di Donna et al. 2016 (𝜎 = 100 kPa, T = 60℃) 337 

 338 

 339 

 340 
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3. Load-settlement response analysis of piles using DSC model 341 

 The DSC model demonstrated success in predicting the interface shear stress-displacement relationship as 342 

well as accurately captured the hardening-softening behaviour in the previous section. As a result, the proposed 343 

interface model is extended and combined with bearing capacity theory to create a more straightforward method for 344 

analysing the load-settlement response of piles in multi-layered soils. 345 

3.1. Load capacity of a single pile 346 

The ultimate load capacity of a single pile, 𝑄𝑢𝑙𝑡, is typically considered to consist of two components. The 347 

first component, referred to as skin friction or shaft friction, is caused by interaction between the pile shaft and 348 

surrounding soils, while the second part, referred to as end-bearing capacity, is caused by ground reaction at the pile 349 

base. Depending on the strength and stiffness of the soil layers, a specific vertical displacement may be required to 350 

mobilize the ultimate base and shaft resistance. However, in any conditions, the ultimate load capacity of a pile can 351 

be written as follows: 352 

𝑄 = 𝑄𝑠 + 𝑄𝑏 −𝑊𝑝 = 𝜏𝑠. 𝐴𝑠 + 𝑞𝑏 . 𝐴𝑏 − 𝛾𝑝. 𝑉𝑝      (26) 353 

where 𝑊𝑝 = weight of the pile, 𝜏𝑠 = unit skin friction, 𝑞𝑏 = unit base resistance, 𝐴𝑠 = pile shaft area, 𝐴𝑏 = pile cross-354 

sectional area, 𝛾𝑝 = unit weight of the pile, 𝑉𝑝 = volume of the pile. 355 

 356 

Figure 11. Schematic of mobilized load-settlement curves for a single pile: (a) skin friction versus displacement; (b) 357 

base resistance versus displacement; (c) total bearing capacity versus displacement 358 

 The skin friction, which is mobilized by the relative displacement of the pile and the soil, may exhibit only 359 

hardening or hardening-softening behaviour depending on the stiffness of the surrounding soils. Figure 11a 360 

demonstrates the relationship between skin friction and pile displacement. The soil below the base of the pile, on the 361 

other hand, is severely constrained from moving in the lateral and vertical directions and is mainly subjected to 362 

compressive pressures. Hence, end-bearing resistance at the pile base frequently increases with the increasing 363 

settlement. Likely, the soil element at the pile base does not respond to applied loads with a peak stress-strain response 364 

or strain softening because of the significant overburden pressure. Instead, until a critical condition is reached, it 365 
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exhibits only hardening behaviour. Figure 11b depicts a model of the relationship between displacement and base 366 

resistance. 367 

 In general, the load settlement curve of a single pile is frequently impacted by the soil type and density, thus 368 

exhibiting the two following forms: If the soils are dense and the skin friction is greater than the base resistance, the 369 

pile will behave in a hardening-softening way. The pile can display hardening behaviour if there are loose soils present 370 

or if base resistance is larger than the skin friction resistance (Figure 11c). 371 

3.2. Nonlinear model of skin friction resistance 372 

 The skin friction resistance over the embedded length of the pile is calculated by multiplying the unit interface 373 

shear strength and surface area of the pile shaft, as indicated in the equation below: 374 

  𝑄𝑠 = 𝜏𝑠. 𝐴𝑠 = {
[𝑏 (1 − 𝑒−𝑎𝑠) − 𝑐(𝑠2 − 𝑠𝑝

2)]. 𝐴𝑠                                       𝑖𝑓 𝑠 ≤ 𝑠𝑐𝑠
𝜏𝑐𝑠. 𝐴𝑠                                                                                       𝑖𝑓 𝑠 > 𝑠𝑐𝑠

   (27) 375 

Which, the interface model in the previous section is extended to include the estimation of controlling parameters  376 

𝑎 = −
ln (1−𝐷𝑖

𝑝
)

𝑠𝑝
          377 

   𝑏 =
𝜏𝑝

1−𝑒−𝑎.𝑠𝑝
          378 

   𝑐 =
𝑎.𝑏.𝑒−𝑎.𝑠𝑝

2𝑠𝑝
          379 

The model parameters must be known in order to determine the skin friction resistance using Equation (27). The 380 

proposed model has three parameters, which can be directly derived based on interface shear experiments or by 381 

applying the effective stress principles. 382 

Ultimate and residual skin friction (𝝉𝒑 and 𝝉𝒄𝒔) 383 

 The peak and residual points of the interface shear stress-displacement test curve can be used to determine 384 

the ultimate skin friction 𝜏𝑝  and critical state skin friction 𝜏𝑐𝑠 . In the absence of test results, 𝜏𝑝  and 𝜏𝑐𝑠 can be 385 

estimated using a formula based on soil properties obtained from laboratory or in-situ studies. The drained condition 386 

is predicted using the effective stress approach or so-called 𝛽-method (Pham 2022a). The following equations can be 387 

used to determine the ultimate unit of skin friction based on Coulomb's friction law:  388 

  𝜏𝑝 = 𝑐′ +𝐾. (𝜎𝑧
′)𝑖 . 𝑡𝑎𝑛𝛿𝑝 = 𝑐′ + (1 − 𝑠𝑖𝑛𝜑𝑝). (𝑂𝐶𝑅)

0.5. 𝑡𝑎𝑛(𝑅𝑖 . 𝜑𝑝). (𝜎𝑧
′)𝑖  (28a) 389 

  𝜏𝑐𝑠 = 𝑐′ + 𝐾. (𝜎𝑧
′)𝑖. 𝑡𝑎𝑛𝛿𝑐𝑠 = 𝑐′ + (1 − 𝑠𝑖𝑛𝜑𝑐𝑠). (𝑂𝐶𝑅)

0.5. 𝑡𝑎𝑛(𝑅𝑖. 𝜑𝑐𝑠). (𝜎𝑧
′)𝑖  (28b) 390 

  𝜑𝑝 = 𝜑𝑐𝑠 + 0.8𝜓         (29) 391 

  (𝜎𝑧
′)𝑠𝑎𝑡 = 𝜎 − 𝑢𝑤(1 − 𝐷)        (30a) 392 

  (𝜎𝑧
′)𝑢𝑛𝑠𝑎𝑡 = (𝜎 − 𝑢𝑎) + 𝜓. [𝜃 + 𝑆. (1 − 𝜃)] + 𝑢𝑤 . 𝐷     (30b) 393 
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where, 𝜑𝑝 and 𝜑𝑐𝑠 = peak and critical friction angle respectively, 𝛿𝑝 and 𝛿𝑐𝑠 = friction angle of the pile-soil interface 394 

at peak and residual state, respectively, 𝜓 = dilatancy angle, 𝑅𝑖 = interfacial friction coefficient which ranges from 395 

0.8 to 1.0 depending on the material and roughness, OCR = over-consolidated ratio, 𝜎 = 𝛾𝑧 = normal stress, 𝛾 = 396 

unit weight of soils, 𝑧 = depth from the ground surface, (𝜎𝑧
′)𝑖 = vertical effective stress that is calculated at the centre 397 

of soil layer i, (𝜎𝑧
′)𝑠𝑎𝑡 = vertical effective stress of saturated soils, (𝜎𝑧

′)𝑢𝑛𝑠𝑎𝑡 = vertical effective stress of unsaturated 398 

soils; 𝑢𝑎 =  pore-air pressure, 𝑢𝑤 =  pore-water pressure, 𝜃 =  volumetric water content, 𝑆 =  degree of saturation, 𝐷 399 

= particle contact area ratio, 𝜓 = soil suction. 400 

Pore-water pressure of unsaturated soils 401 

 402 

Figure 12. Soil phases in idealized soil model: a) saturated soil and b) unsaturated soil 403 

Considering an idealized soil model with saturated and unsaturated conditions as shown in Figure 12, the pore-water 404 

pressure in unsaturated soil (𝑢𝑤) could be expressed as follows: 405 

  𝑢𝑤 = 𝛾𝑤.
𝑉𝑤
𝑢

𝐴𝑤
𝑢 = 𝛾𝑤.

𝑉.𝜃𝑤.𝑆

𝐴𝑤
𝑢 = 𝛾𝑤. ℎ𝑤

𝑢 . 𝑆       (31) 406 

where ℎ𝑤
𝑢 = water column height; 𝑆 = degree of saturation; 𝛾𝑤 = unit weight of water; 𝑉𝑤 = total water volume; 407 

𝐴𝑤 = cross-section area filled by water.   408 

The pore-water pressure under hydrostatic conditions of unsaturated soils in situ is estimated by replacing the water 409 

column height (ℎ𝑤
𝑢 ) with the water depth, which is determined as depth calculated from the groundwater table (𝑧𝑤).  410 

  𝑢𝑤 = 𝛾𝑤. 𝑧𝑤. 𝑆          (32) 411 

Estimating soil suction with the Soil-Water Characteristic Curve 412 
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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 413 

behaviour of unsaturated soils (Edlefsen and Anderson 1943; Pham and Sutman 2022a; Pham et al. 2023a). Total soil 414 

suction is the result of the combined action of matric suction and osmotic suction. The thermodynamic relationship 415 

between suction and partial pressure of the pore-water vapour can be expressed as follows: 416 

  𝜓 = (𝑢𝑎 − 𝑢𝑤) + 𝜋 = −
𝑅𝑇𝜌𝑤

𝜔𝑣
𝑙𝑛 (

𝑢𝑣

𝑢𝑣0
) = −

𝑅𝑇𝜌𝑤

𝜔𝑣
𝑙𝑛(𝑅𝐻)    (33) 417 

where 𝜓 = soil suction or total suction; (𝑢𝑎 − 𝑢𝑤) = matric suction that is associated with the capillary component; 418 

𝜋 = osmotic suction that is associated with the solute component (salt content of pore water); 𝑅 = universal gas 419 

constant [8.31432 J/(mol.K)]; 𝑇 = absolute temperature [𝑇𝐾 = 273 + 𝑇℃]; 𝜔𝑣 =molecular mass of water vapour 420 

[18.016 kg/kmol]; 𝜌𝑤 = water density; 𝑢𝑣 =partial pressure of pore-water vapor (kPa); 𝑢𝑣0 = saturation pressure of 421 

water vapour over a flat surface of pure water at the same temperature. The relative vapour pressure in the air 422 

immediately adjacent to the water, 𝑢𝑣/𝑢𝑣0, is called relative humidity (RH).  423 

There is an ongoing discussion on the role of osmotic suction, despite the fact that the engineering behaviour of 424 

unsaturated soils is described by the inclusion of soil suction as “effective” stress or suction stress, as seen in equation 425 

(30b). Tests on compacted soils by Leong and Abuel-Naga (2018) revealed that osmotic suction has a negligible 426 

impact on the shear strength of soils. As a result, in the following presentation, the soil suction will be compatible 427 

with the term matric suction, which describes the engineering behaviour of unsaturated soils (𝜓 = 𝑢𝑎 − 𝑢𝑤) . 428 

Equation (30b) therefore should be rewritten in the term of matric suction as follows: 429 

  (𝜎𝑧
′
)
𝑢𝑛𝑠𝑎𝑡

= (𝜎 − 𝑢𝑎) + (𝑢𝑎 − 𝑢𝑤). [𝜃 + 𝑆. (1 − 𝜃)] + 𝑢𝑤 . 𝐷    (34) 430 

The measurement of the matric suction can be achieved either directly via the use of tensiometers, filter paper (contact 431 

method), oedometer tests, null-type pressure plate (axis translation technique), or indirectly through the use of thermal 432 

and electrical conductivity sensors (Pham and Sutman 2022b). These techniques quantify how the moisture content 433 

varies in relation to the change in matric suction, which is also well-known as the Soil-Water Characteristic Curve 434 

(SWCC). It is important to note that, as Figure 13 illustrates, SWCC often exhibits hysteresis concerning the wetting 435 

and drying regions of the curve, where two distinct matric suction pressures may exist for the same volumetric water 436 

content. A number of researchers (Brooks and Corey 1964, Van Genuchten 1980, and Fredlund and Xing 1994) 437 

proposed the fitting equations to plot SWCC based on simple regression of only some of the available test points 438 

because it is time-consuming to measure matric suction at all different moisture levels. The equation by Fredlund and 439 

Xing (1994) is used in this work to determine SWCC as follows: 440 

 𝑆 =
𝐶(𝜓)

{𝑙𝑛[2.7183+(𝜓/𝑎)𝑛]}𝑚
          (35) 441 

 𝐶(𝜓) = 1 −
𝑙𝑛(1+𝜓/𝜓𝑟)

𝑙𝑛(1+106/𝜓𝑟)
         (36) 442 
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where  𝑎 = fitting parameter which is primarily a function of the air-entry value of soil; 𝑛 = fitting parameter which 443 

is primarily a function of water extraction rate from the soil once the air-entry value has been exceeded; 𝑚 = fitting 444 

parameter which is primarily a function of residual water content; 𝐶(𝜓) = correction factor which is primarily a 445 

function of residual suction (𝜓𝑟) corresponding to residual water content. 446 

 447 

Figure 13. Illustration of SWCC for unsaturated soils 448 

It should be mentioned that soil density, which may be impacted by overburden pressure during pile installation, is 449 

one of the factors that significantly affect matric suction and pore-water pressure in situ. It is therefore crucial to take 450 

soil density into account while assessing the engineering behaviour of unsaturated soils (Pham 2022b; Pham and 451 

Sutman 2023). In order to overcome the uncertainty of SWCC related to the overburden pressure, the density-452 

dependent SWCC model of Pham et al. (2023c) may be considered a promising option due to its simplicity, which is 453 

expressed by: 454 

 {

𝑆𝑒𝑖 = 𝑆𝑒0 =
1

𝑙𝑛(2.7127+[𝜓𝑒0/𝑎]
𝑛)

𝑚

𝜓𝑒𝑖 = 𝜓𝑒0 ×√
𝑒0

𝑒𝑖
. (
1+𝑒𝑖

1+𝑒0
)
1−𝛿

        (37) 455 

Where 𝑒𝑖 = void ratio corresponds to the current overburden pressure; 𝑒0 = void ratio corresponds to the initial 456 

overburden pressure (or confining pressure used in laboratory SWCC tests).  457 

Vertical profile of steady-state matric suction 458 
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 459 

Figure 14. Suction distribution profile with different boundary conditions 460 

In horizontally stratified unsaturated soils, the vertical distribution of matric suction is typically highly dependent on 461 

environmental variables such as boundary drainage conditions and infiltration due to precipitation or evaporation 462 

rates (Pham et al. 2023d). As a result, the matric suction varies with the depth and permeability conditions, as shown 463 

in Figure 14. The theoretical approach presented in this paper can be directly applied to extend the classical limit 464 

analysis to unsaturated soil environments. The controlling flow equation can be solved with suitable initial and 465 

boundary conditions to create the mathematical prediction of matric suction profiles. The vertical unsaturated soil 466 

flow rate for steady-state profiles can be expressed as follows, using Darcy's law: 467 

 𝑞 = −𝑘𝑢. (
𝑑𝜓/𝜓0

𝑑𝑧/𝑧𝑢
+ 1) = −𝑘𝑢. (

𝑑𝜓

𝛽.𝑑𝑧
+ 1)       (38) 468 

where 𝑧𝑢 = unsaturated soil thickness or equals the distance from the groundwater table to the ground surface (Fig. 469 

14); 𝜓0 = initial matric suction; 𝛽 = 𝜓0/𝑧𝑢 = suction distribution rate; 𝑘𝑢 = unsaturated hydraulic conductivity 470 

dependent on suction. To describe the characteristic of unsaturated hydraulic conductivity, Gardner’s model (1958) 471 

is used:  472 

 𝑘𝑢 = 𝑘𝑠𝑒
−𝜓/𝐴𝐸𝑉          (39) 473 

Where 𝐴𝐸𝑉 =air-entry value; 𝑘𝑠 = saturated hydraulic conductivity 474 

Substituting Eq. (39) in Eq. (38) leads to: 475 

 𝑞 = −𝑘𝑠𝑒
−𝜓/𝐴𝐸𝑉. (

𝑑𝜓

𝛽.𝑑𝑧
+ 1)         (40) 476 

 −
𝛽.𝑞

𝑘𝑠
𝑑𝑧 = −𝑒

(−
𝜓

𝐴𝐸𝑉
)
𝑑𝜓 + 𝛽. 𝑒

(−
𝜓

𝐴𝐸𝑉
)
𝑑𝑧        (41) 477 

 𝑑𝑧 =
𝑒
(−

𝜓
𝐴𝐸𝑉

)
𝑑𝜓

𝛽.𝑞

𝑘𝑠
+𝛽.𝑒

(−
𝜓

𝐴𝐸𝑉
)
= −

𝐴𝐸𝑉

𝛽
.
𝑑{

𝑞

𝑘𝑠
+𝑒

(−
𝜓

𝐴𝐸𝑉
)
}

𝑞

𝑘𝑠
+𝑒

(−
𝜓

𝐴𝐸𝑉
)

       (42) 478 
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A steady-state flow rate 𝑞  is negative (𝑞 < 0)  for downward infiltration and is positive (𝑞 > 0)  for upward 479 

evaporation. An analytical solution for the suction profile could be obtained by integrating the above equation and 480 

imposing the boundary conditions of zero suction at the water table (𝑧 = 0).  481 

 ∫ 𝑑𝑧
𝑧

0
= −

𝐴𝐸𝑉

𝛽
. ∫

𝑑{
𝑞

𝑘𝑠
+𝑒

(−
𝜓

𝐴𝐸𝑉
)
}

𝑞

𝑘𝑠
+𝑒

(−
𝜓

𝐴𝐸𝑉
)

𝜓

0
         (43) 482 

 −
𝛽

𝐴𝐸𝑉
. 𝑧 = 𝑙𝑛 [

𝑞

𝑘𝑠
+𝑒

(−
𝜓

𝐴𝐸𝑉
)

𝑞

𝑘𝑠
+1

]         (44) 483 

Rearranging the above equation could produce the final solution for the suction profile: 484 

 𝜓 = |−𝐴𝐸𝑉. 𝑙𝑛 [(
𝑞

𝑘𝑠
+ 1) 𝑒−

𝛽

𝐴𝐸𝑉
.𝑧 −

𝑞

𝑘𝑠
]| = |−𝐴𝐸𝑉. 𝑙𝑛 [(

𝑞

𝑘𝑠
+ 1) 𝑒

−
𝜓0
𝐴𝐸𝑉

.
𝑧

𝑧𝑢 −
𝑞

𝑘𝑠
]|   (45) 485 

To obtain the soil-water characteristic curve equation integrated flow rate, Eq. (45) could be re-substituted into Eq. 486 

(35) as follows: 487 

 𝑆 =
𝐶(𝜓)

{𝑙𝑛[2.7183+(|=−𝐴𝐸𝑉.𝑙𝑛[(
𝑞

𝑘𝑠
+1)𝑒

−
𝜓0
𝐴𝐸𝑉

.
𝑧
𝑧𝑢−

𝑞

𝑘𝑠
]|/𝑎)

𝑛

]}

𝑚      (46) 488 

 It should be noted that the initial matric suction of soils at the ground surface is represented by 𝜓0. When the 489 

measured data for 𝜓0 is unavailable, 𝜓0 = 𝛾𝑤 . 𝑧𝑢 might be used as a simplified assumption for hydrostatic conditions 490 

according to the suggestion of Lu and Griffiths (2004). Figure 15 displays the flow ratio and matric suction profiles 491 

for clays where the matric suction profile is significantly influenced by the steady flow rate. 492 

 493 
Figure 15. An example of suction profile estimation using analytical equation (Eq. 45) 494 
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Ultimate displacement ( 𝒔𝒑) 495 

In the proposed model, the slope of the shear stress-displacement curve is controlled by the parameter called ultimate 496 

displacement, 𝑠𝑝. Reese (1978) reviewed the relationship between skin resistance and displacement in stiff clays and 497 

concluded that the peak displacement, 𝑠𝑝, ranges from about 0.5% to 5% of the pile shaft diameter (𝑑𝑝). It is noted 498 

that the 𝑠𝑝 range in sands is comparable to that in clays. Later data (Sharma et al. 1986; Hirayama 1990; Zhang et al. 499 

2010; Pham and Dias 2021b) support the above-mentioned ranges. Judging from the previous studies, the ranges for 500 

𝑠𝑝 are as follows: 501 

  𝑠𝑝 = (0.005 ÷ 0.05). 𝑑𝑝        (47) 502 

Ultimate disturbance function (𝐷𝑖
𝑝

) 503 

 In the proposed interface model, the ultimate disturbance function has a significant impact on the shape of 504 

the shear stress-displacement curve. The results of the laboratory tests or a numerical simulation can be used to 505 

determine the value 𝐷𝑖
𝑝

. According to the results of the direct shear tests, the value 𝐷𝑖
𝑝

 ranges from about 0.8 to 1 506 

depending on the soil density. In the absence of test results or numerical data, the initial value of the ultimate 507 

disturbance function can initially be estimated as follows: 508 

  𝐷𝑖
𝑝 =

𝜏𝑐𝑠

𝜏𝑝
           (48) 509 

3.3. Nonlinear model of end-bearing capacity 510 

 During installation, the portion of soil immediately below the pile base will be subjected to a compressive 511 

axial force and will likely compress in addition to shearing. Shearing is caused by the differences in the vertical and 512 

lateral stresses. However, unlike the soil element surrounding the pile shaft, the soil element directly below the base 513 

is severely limited. Specifically, the pile weight and the friction force at the pile–soil interface limit any heaving or 514 

dilatant response. Additionally, movement is further restricted at the base level by the overburden pressure (vertical 515 

effective stress), particularly for long piles. As a result, the pile strain hardens until it reaches the critical state when 516 

structural loads are applied. Besides, the field test results also reveal the hardening function of base load displacement 517 

(Lee and Park 2008; Seo et al. 2013). This explains why the hardening-strain function (such as hyperbolic) is 518 

commonly utilised in analytical approaches and design standards (FHWA-2006, BS8006-2010, Eurocode 7-2013) to 519 

simulate the base load-settlement model. In this study, the base load-displacement relationship is modelled by using 520 

the hardening function of the proposed interface model as follows: 521 

 𝑄𝑏 = 𝑞𝑏 . 𝐴𝑏 = [𝑞𝑏𝑢  (1 − 𝑒
−
𝑘𝑖𝑛𝑖
𝑏

𝑞𝑏𝑢
.𝑠
)] . 𝐴𝑏         (49) 522 

where 𝑞𝑏𝑢 = ultimate unit base resistance, 𝑘𝑖𝑛𝑖
𝑏  = initial compressive stiffness of the soil at the pile base  523 

Ultimate unit base resistance (𝒒𝒃𝒖) 524 
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 There are several methods for calculating the ultimate unit base resistance, one of which makes use of 525 

empirical correlation and data from in-situ tests (SPT or CPT). An alternative way is to compute using formulas based 526 

on laboratory-tested soil parameters. In the analytical approach presented here, the 𝑞𝑏𝑢 is calculated by analogy with 527 

the bearing capacity of shallow footings and is determined as follows: 528 

  𝑞𝑏𝑢 =
1

2
𝛾𝑑𝑝𝑁𝛾 + 𝜎𝑧𝑏

′ . 𝑁𝑞 + 𝑐′. 𝑁𝑐       (50) 529 

  𝑁𝑞 = 𝑒𝜋𝑡𝑎𝑛𝜑𝑏 . 𝑡𝑎𝑛2(45° + 𝜑𝑏/2)        (51) 530 

  𝑁𝑐 = (𝑁𝑞 − 1). 𝑐𝑜𝑡𝜑𝑏          (52) 531 

where 𝛾 = unit weight of soils,  𝜎𝑧𝑏
′  = vertical effective stress at the pile base, 𝜑𝑏 and 𝑐′ = internal friction angle and 532 

cohesion of soils below the pile base, 𝑁𝛾, 𝑁𝑞 and 𝑁𝑐 = bearing capacity coefficients.  533 

For deep foundations with 𝐿𝑝/𝑑𝑝 greater than 5 (𝐿𝑝 being the embedded length of the pile), the first term in Eq. (50) 534 

is small compared with the other two terms. It should be noted that the predicted outcome of end-bearing capacity is 535 

significantly influenced by the precision of the value 𝑁𝑞. However, when compared to the field 𝑁𝑞 values, Eq. (51) 536 

frequently overestimates the value 𝑁𝑞, according to several researchers (Coyle and Castello 1981; De Nicola and 537 

Randolph 1993; Alawneh et al. 2001; Budhu 2010). This is primarily because the failure mechanism below the pile 538 

base might not develop in the same way as that of a shallow foundation due to the considerable overburden pressure 539 

acting at the pile base level. In light of the adjusted coefficient, this study suggests the following formula for the factor 540 

𝑁𝑞 of the soils at the pile base as follows: 541 

  (𝑁𝑞)𝑎𝑑𝑗 = 𝑓𝑎𝑑𝑗 . 𝑒
𝜋𝑡𝑎𝑛𝜑𝑏 . 𝑡𝑎𝑛2(45° + 𝜑𝑏/2)       (53) 542 

  𝑓𝑎𝑑𝑗 =
𝑞𝑏𝑢
𝑚

𝜎𝑧𝑏
′ +𝑐′.𝑐𝑜𝑡𝜑𝑏

.
1

𝑒𝜋𝑡𝑎𝑛𝜑𝑏 .𝑡𝑎𝑛2(45°+𝜑𝑏/2)
      (54) 543 

where 𝑓𝑎𝑑𝑗 = adjusted coefficient, 𝑞𝑏𝑢
𝑚  = measured ultimate unit base resistance  544 

 The characteristics of 52 field test projects with measured ultimate unit base resistance are listed in 545 

Supplementary Material I along with some brief descriptions. These data sets were collected, which cover a wide 546 

variety of possible pile geometry, effective stress, friction angle, and soil types. The scatter in the field data is shown 547 

in Figure 16. It is apparent that as the vertical effective stress is increased, the value of 𝑓𝑎𝑑𝑗 decreases. Lower values 548 

of 𝑓𝑎𝑑𝑗 denote greater overestimation when applying the conventional theoretical formula (Eq. 51). Although the data 549 

sets have not fully converged, the majority of the points appear to follow an exponential relationship. The following 550 

formulation is provided for the 𝑓𝑎𝑑𝑗 as an effective stress-dependent function using the regression analysis technique: 551 

  𝑓𝑎𝑑𝑗 = 𝑒−0.006×𝜎𝑧
′
= 𝛼𝑒𝛽×𝜎𝑧

′
        (55) 552 

where 𝛼 and 𝛽 = corrected coefficients. When the measured data are known, the corrected coefficients can be derived. 553 

Otherwise, the collected data in this study yields the following general statement: 𝛼 = 1 and 𝛽 = −0.006. 554 
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 555 

Figure 16. The correlation between the adjusted coefficient and vertical effective stress  556 

Initial elastic soil stiffness (𝑘𝑖𝑛𝑖
𝑏 ) 557 

The initial elastic soil stiffness at the pile base can be determined by relations to ultimate unit base resistance or shear 558 

modulus as suggested by Randolph and Wroth (1978) and Pham et al. (2023e): 559 

 𝑘𝑖𝑛𝑖
𝑏 =

𝑞𝑏𝑢

𝑠𝑝
𝑏 =

4𝐺𝑠𝑏

𝜋𝑟𝑝(1−𝜈𝑝)
          (56) 560 

where 𝑠𝑝
𝑏 = ultimate displacement, 𝑟𝑝 = pile radius, 𝐺𝑠𝑏 and 𝜈𝑠𝑏 = shear modulus and Poisson’s ratio of the soil below 561 

the pile base, respectively. 562 

3.4. Elastic shortening and distribution of axial force. 563 

 The elastic shortening of a pile shaft under load undoubtedly contributes to total settlement at the pile head, 564 

particularly in the case of semi-columns. The elastic shortening of a pile depends on the relative development of load 565 

transfer between the pile and soil along its length, as well as the load being transferred at the pile base. Because the 566 

load transfer is nonlinear and decreases with the depth, the elastic compression of the pile is not uniform. The top of 567 

the pile generally experiences greater compression than the bottom. To work out the elastic shortening accurately, an 568 
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iterative method is required, whereby the pile is divided into elements, and the compatibility of strains is studied at 569 

given levels. Figure 17 shows the schematic for force equilibrium analysis on a differential pile element. 570 

 571 

Figure 17. Schematic of typical force equilibrium analysis of pile 572 

As a result of applying static equilibrium to the forces influencing the differential pile element, it provides: 573 

𝑑𝑃(𝑥) + 𝐶𝑝𝜏(𝑥)𝑑𝑥 + 𝐴𝑝𝑞𝑏(𝑥)𝑑𝑥 = 0       (57) 574 

where 𝑃(𝑥) = axial force in the pile at distance 𝑥; 𝐶𝑝 = cross-section perimeter of a pile. 575 

It is reasonable to suppose that when loads are applied, the pile is in elastic compression: 576 

𝑑𝑠 = −
𝑃(𝑥)

𝐸𝑝𝐴𝑝
𝑑𝑥             (58) 577 

where 𝐸𝑝 = elastic modulus of the pile, 578 

Therefore, 579 

𝑑𝑃(𝑥) = −𝐸𝑝𝐴𝑝
𝑑2𝑠(𝑥)

𝑑𝑥2
            (59) 580 

Substituting (59) back into (57) gives: 581 
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𝑑2𝑠(𝑥)

𝑑𝑥2
−

𝐶𝑝

𝐸𝑝𝐴𝑝
𝜏(𝑥)𝑑𝑥 −

1

𝐸𝑝
𝑞𝑏(𝑥)𝑑𝑥 = 0                   (60) 582 

By separating the variables, the differential equation can be solved, as 583 

  𝜀(𝑥)
𝑑𝜀(𝑥)

𝑑𝑠
=

𝑑2𝑠(𝑥)

𝑑𝑥2
                      (61) 584 

By substituting Eq. (61) into Eq. (60) and integrating 585 

  𝜀(𝑥) = √
2𝐶𝑝.𝑏

𝐸𝑝𝐴𝑝
. (𝑠 +

𝑒−𝑎𝑠

𝑎
) +

2𝐶𝑝.𝑐

𝐸𝑝.𝐴𝑝
[
𝑠3

3
−

𝑠𝑝
3

3
] +

2𝑞𝑏𝑢

𝐸𝑝
. (𝑠 +

𝑒−𝑘𝑖𝑛𝑖
𝑏 𝑠/𝑞𝑏𝑢

𝑘𝑖𝑛𝑖
𝑏 /𝑞𝑏𝑢

) + 𝐶             (62) 586 

The boundary condition at the base of the pile can be expressed as: 587 

  {
𝑠(𝑥 = 𝐿𝑝) = 𝑠𝑏

𝜀(𝑥 = 𝐿𝑝) = 0  
                   (63) 588 

Replacing Eq. (63) into Eq. (62) gives the axial strain over the pile length: 589 

  𝜀 =

√
  
  
  
  
  
  
2𝐶𝑝.𝑏

𝐸𝑝𝐴𝑝
. (𝑠 +

𝑒−𝑎𝑠

𝑎
) +

2𝐶𝑝.𝑐

𝐸𝑝.𝐴𝑝
[
𝑠3

3
−

𝑠𝑝
3

3
] +

2𝑞𝑏𝑢

𝐸𝑝
. (𝑠 +

𝑒
−
𝑘𝑖𝑛𝑖
𝑏 𝑠

𝑞𝑏𝑢

𝑘𝑖𝑛𝑖
𝑏

𝑞𝑏𝑢

)

−
2𝐶𝑝.𝑏

𝐸𝑝𝐴𝑝
. (𝑠𝑝 +

𝑒−𝑎𝑠𝑝

𝑎
) −

2𝑞𝑏𝑢

𝐸𝑝
. (𝑠𝑝 +

𝑒−𝑘𝑖𝑛𝑖
𝑏 𝑠𝑝/𝑞𝑏𝑢

𝑘𝑖𝑛𝑖
𝑏 /𝑞𝑏𝑢

)

            (64) 590 

3.5. Algorithm for pile load–settlement analysis  591 

 Based on the proposed models and the iterative method (Seed and Reese 1957; Lee et al. 2001; Zhang and 592 

Zhang 2012), the pile load-settlement response can be obtained. The calculation details are presented with the 593 

following procedure, and Figure 18 summarises the algorithm for load-settlement analysis of a single pile embedded 594 

in multi-layered soils: 595 

• Step 1. Assume a single pile divided into 𝑛 segments with a length of 𝐿𝑖= 𝐿𝑝/𝑛. The value of 𝑛 can be 596 

specified according to the computational precision demand. 597 

• Step 2. Estimate the ultimate end-bearing capacity by using Eq. (50)  598 

• Step 3. Assume a small pile-base movement, 𝑠 = 𝑠𝑏𝑛 . Using Eq. (49), calculate the base end-bearing 599 

resistance, 𝑄𝑏(𝑠), caused by the assumed base displacement. 600 

• Step 4. From the proposed load-transfer function as given in Eq. (27), obtain the skin friction resistance at the 601 

bottom segment 𝑛, 𝑄𝑠𝑛(𝑠), based on the assumed value. 602 

• Step 5. Calculate the total bearing capacity along the pile segment 𝑛  corresponding to the assumed 603 

displacement by: 𝑄𝑡𝑛 = 𝑄𝑠𝑛 +𝑄𝑏𝑛 604 

• Step 6. Calculate the elastic deformation of the segment as follows, under the assumption that the load in the 605 

segment varies linearly: 606 
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∆𝑛= (
𝑄𝑡𝑛 + 𝑄𝑏𝑛

2
)

𝐿𝑖
𝐴𝑝. 𝐸𝑝

 607 

• Step 7. Check the elastic deformation of pile segment 𝑛 within a specified tolerance such as ∆𝑛≤ 10−6 𝑚  608 

• Step 8. Calculate the updated midpoint (𝑠𝑐𝑛
′ ) and top (𝑠𝑡𝑛

′ ) displacement of pile segment 𝑛 given by: 609 

𝑠𝑐𝑛
′ = 𝑠𝑏𝑛+

1

2
∆𝑠𝑛 and 𝑠𝑡𝑛

′ = 𝑠𝑏𝑛+∆𝑠𝑛 610 

• Step 9. Recalculate the skin friction resistance and ultimate bearing capacity of pile segment 𝑛 based on the 611 

updated midpoint displacement.   612 

• Step 10. Repeat steps (4) – (9) for the next segment, and so on, until the value of the load 𝑄𝑛1  and 613 

displacement 𝑠1 at the pile head are obtained. 614 

• Step 11. Calculate the total skin friction or the sum of the total skin friction capacity and mobilized base 615 

capacity.  616 

𝑄𝑡1 =∑𝑄𝑠𝑖

𝑛

𝑖=1

+ 𝑄𝑏𝑛 617 

• Step 12. Calculate the axial strain of the pile corresponding to the assumed displacement by using Eq. (64) 618 

• Step 13. Repeat the procedure from steps (3) through (12) using different assumptions for the settlement at 619 

the pile base in order to get a series of load-displacement values. The proposed method might be used to 620 

determine the load-settlement curve, skin friction distribution along the pile depth, and the distribution of 621 

axial loads along the pile. 622 

  623 

 624 

 625 
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 626 

Figure 18. Flow chart for load-settlement response analysis of piles 627 

3.6. Discussion of the analytical method 628 

Three factors are crucial for numerical simulations of a geostructure to perform well, which include the input 629 

parameter quality, the soil model that was used, and the loading simulation process. First, it should be noted that 630 

neither sophisticated nor basic models—such as Mohr-coulomb or elastoplastic—can replicate the deterioration of 631 

skin friction at the soil-structure interface. In order to get beyond the limitations of the models that are currently 632 

accessible, the DSC-based interface model that was described in this study could be taken into consideration as a 633 
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choice to be implemented into numerical software. This work also discusses the profile of steady-state in-situ matric 634 

suction, soil-water characteristic curve, and pore-water pressure of unsaturated soils that allows to application of the 635 

proposed method to piles in unsaturated soils. 636 

 Additionally, it is noted that the proposed analysis method in this study only needs a few basic soil-pile interface 637 

input parameters, similar to current design methods that include friction angle, cohesion, interaction coefficient, and 638 

disturbance degree of soils corresponding to peak shear strength and displacements. Specifically, it is assumed that 639 

the displacement parameter (𝑠𝑝) are proportionate to pile size. Two shear strength parameters (𝜏𝑐𝑠, 𝜏𝑝) are derived 640 

from friction angles and cohesion in the same way as other models. And governing coefficients (𝑎, 𝑏, 𝑐) are computed 641 

directly from the aforementioned parameters. It appears that, in comparison to previous models, the current approach 642 

does not introduce extra parameters while still being able to accurately characterize the hardening-softening behaviour 643 

of the soil-structure interface. 644 

Evidently, the quality of these input parameters has a significant impact on the performance of the method. Within 645 

this framework, the experimental data may improve the input parameter's reliability and hence contribute to the 646 

production of a better prediction. To obtain these parameters, there are a few potential approaches that might be used 647 

such as i) carrying out tests on model-scale piles, ii) carrying out interface shear tests in a laboratory, iii) utilizing on-648 

site CPT/SPT data, and iv) performing field tests and back analysis approaches. In terms of economy, the interface 649 

shear tests, and model-scale tests may theoretically be the most suitable option. Following that, an analytical method 650 

will be employed to use the input parameters derived from the interface shear tests and model-scale tests to simulate 651 

the outcomes of field tests. The main difficulty in performing model-scale tests or laboratory tests, nevertheless, is 652 

making sure the model pile's condition is precisely the same as the in-situ pile (in terms of scaling effects). 653 

On the other hand, the analytical solutions in this work could be applied as an independent analytical approach that 654 

does not necessitate integration with numerical techniques. For design engineers, this offers an efficient and 655 

straightforward option, particularly during the preliminary design stage. For example, the analytical solutions could 656 

likewise be computed automatically by creating spreadsheets or MATLAB code. Compared to performing a 657 

numerical simulation, this saves far too much effort and time. In particular, for rigid pile (elastic settlement), it is 658 

simple to get the solution of the developed method and there is no need to use trial values to get the solution of 659 

unknown parameters.  660 

Finally, simulating the impact of pile installation and surrounding soil disturbance in current numerical models is a 661 

significant issue. The DSC-based analytical solutions may offer an additional method to account for this effect. The 662 

proposed approach might be used to anticipate any kind of soil rather than being limited to a specific soil type as an 663 

empirical model. The proposed analytical approach may be helpful not only for forecasting the load-settlement of a 664 

pile using input parameters but also for optimizing design and organizing a suitable loading-test programme. 665 

4. Performance of the proposed method in comparison to field measurements 666 
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 The effectiveness of the proposed framework is assessed by comparing the predicted results with those 667 

deduced from field experiments on a single pile. To demonstrate the implementation of the proposed approach in a 668 

variety of ground conditions and pile types, the following five projects with well-documented sources have been 669 

chosen from the database of static load tests on piles. As previously mentioned, there are different ways to obtain 670 

model calibration parameters such as using interface shear tests, model tests or on-site CPT/SPT results. However, it 671 

is hard to find a case that offers both results of full-scale field tests and interface shear tests. This could be the result 672 

of the difficulty in preparing soil samples for interface shear experiments that have physical characteristics and 673 

disturbances comparable to the actual soil conditions. A case study was recently reported by Feng et al. (2024) that 674 

presents the results of interface shear and field tests, which are used to demonstrate how the model is calibrated using 675 

interface shear testing. In the case of the remaining four examples, input data points were gathered directly from site 676 

records (SPT or CPT) due to the interface shear test results not being presented in the original papers. The evaluation 677 

of soil shear strength characteristics, including internal friction angle, cohesion and shear modulus, can be achieved 678 

using laboratory test results or empirical correlations with SPT blow counts. A list of these relationships is given in 679 

Appendix II. In this study, the shear strength properties were derived from SPT blow counts in the absence of 680 

laboratory test data using the equation suggested by Hettiarachchi and Brown (2009). The model calibration 681 

parameters for the Feng et al. (2024) example obtained via interface shear testing are shown in Table 2, while the 682 

model calibration parameters for all other cases identified via on-site SPT/CPT are shown in Table 3.  683 

It should be mentioned that in the first project (Feng et al. 2024), second project (Caputo et al. 1991) and third 684 

project (Lee et al. 2003), the soil layers were presumed to be saturated as the groundwater table was located near the 685 

ground surface. The last two examples (Fellenius et al. 2004; Lee and Park 2008), however, described that the 686 

groundwater table emerged at a specific depth and the soil layers above became unsaturated. The fundamental steps 687 

for determining the load-settlement curve of the pile using the proposed method could be summarized as follows: 688 

Step 1. Employing the results of interface shear tests for model calibration, if available, or using the SPT or CPT 689 

data to infer the shear strength parameters, such as friction angle, cohesion, undrained shear strength, and modulus. 690 

Step 2. Estimation of peak and critical state skin friction of pile-soil interface (eq. 28) as well as ultimate bearing 691 

capacity of soil at pile base (eq. 50) 692 

Step 3. Determine parameter 𝑠𝑝 by using eq. (47) or by interface shear test results if data is available. 693 

Step 4. Calculate the peak disturbance function by using eq. (48) where 𝐷𝑖
𝑝
= 𝜏𝑐𝑠/𝜏𝑝 or by interface shear test results 694 

if data is available. 695 

Step 5. Calculate the calibration parameters 𝑎, 𝑏, 𝑐 by using eqs. (19), (21), (25) 696 

Step 6. Establish transfer functions for pile shaft (eq. 27) and pile base (eq. 49) 697 

Step 7. Estimate the load-settlement curve. 698 

Step 8. Estimate the axial strain and elastic shortening for semi-columns (eq. 64), or neglect for rigid piles.   699 
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 700 

 701 

 It should be highlighted that the effectiveness of the analytical method depends significantly on the quality 702 

of the input parameters. Laboratory tests, such as direct shear tests or triaxial tests, can be employed to determine the 703 

model parameters. Many complex aspects, including construction techniques, pile types, soil types, and loading 704 

techniques, have an impact on the interface behaviour of an actual pile at the site. It is generally known that, after pile 705 

installation, the in-situ state of the soil around the pile shaft is significantly altered. It is very difficult to simulate the 706 

state of the soil after pile installation. For a driven pile, the radial stress generated around the pile shaft is uncertain, 707 

while the interface roughness between the pile shaft and surrounding soil is unknown for a bored pile. Therefore, the 708 

magnitude of the resulting input parameters will be significantly impacted by these considerations. A back-analysis 709 

methodology is an additional approach to determine these input parameters in order to take into account input 710 
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parameter uncertainty and support optimization design. As a result, three cases are considered for comparison in this 711 

study: (1) preliminary prediction without using adjusted 𝑁𝑞 factor (Eq. 51); (2) preliminary prediction using adjusted 712 

𝑁𝑞 factor (Eq. 53); (3) prediction using back analysis-based input parameters.  713 

4.1. Field measurement of bored piles in Shanghai, China 714 

A compelling example, recently described by Feng et al. (2024), was the application of both laboratory 715 

interface shear experiments and full-scale field tests to piles. This enables us to illustrate predicting the load-settlement 716 

response of piles based on the input parameters acquired from interface shear tests. The test bored pile was 30m long 717 

with an outer diameter of 0.6m. The geological conditions of the test pile are typical of a soft soil area, filled with 718 

silty clay and sandy silt, and clay from top to bottom, as shown in Figure 19a. It should be noted that the shear strength 719 

characteristics of each soil layer were obtained from the interface shear tests. Figure 19b shows the relationship 720 

between the shear stress and the relative displacement, which was obtained from the direct shear test results on the 721 

interface between the concrete and the five typical soils at the pile depth. A similar pattern was observed in the changes 722 

in the interface shear stresses for different soil samples during the shear tests. The proposed skin friction model takes 723 

into account four important parameters: ultimate disturbance function (𝐷𝑖
𝑝

), displacement corresponding to peak shear 724 

stress (𝑠𝑝), peak shear stress (𝜏𝑝), and initial shear stiffness (𝑘𝑖𝑛𝑖). The initial shear stiffness might be determined by 725 

calculating the slope of the tangential line on the curve during the first segment. The test results (marker) and the 726 

predicted curve (solid line) created by the proposed model agree quite well. This means that the relationship between 727 

interface shear stress and displacement has been accurately captured by the suggested method given in section 2.2. 728 

These calibration model parameters are then used to predict the load-settlement curve of piles in situ. The load-729 

displacement curves of the test piles under variable mechanical loads are shown in Figure 19c. The success of the 730 

proposed framework was confirmed when it was found that the load-transfer method suggested in this study more 731 

correctly represented the overall trend of the measured values. Additionally, it was noted that the end-bearing 732 

resistance has a nonlinear hardening tendency while the average skin friction resistance exhibits a nonlinear softening 733 

behaviour. At small settlements, the skin friction component is observed to mobilise more quickly than the end-734 

bearing component, but it reduces after attaining the ultimate value.   735 
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 736 

a) 737 

 738 

b) 739 
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 740 

c) 741 

Figure 19. Comparison of predicted and measured results for test pile in Shanghai (test data after Feng 742 

et al. 2024): a) pile test profile, b) interface shear test results, c) load-settlement curve 743 

 744 

4.2. Field measurement of bored piles in Naples, Italy 745 

 Caputo et al. (1991) performed static load tests on two piles with different diameters. Both test piles were 42 746 

m long, but one was 1.5 m, and the other was 2 m in diameter. This project is an interesting illustration of the 747 

advantages of the back analysis procedure, due to having piles with different geometries. Figure 20a shows the profile 748 

of the test pile and soil conditions. The piles penetrate through the relatively weak soil layers, which are buried in 32 749 

m of organic silt and 8 m of pozzolana.  The ultimate resistance is frequently promptly mobilized at a small settlement 750 

due to the characteristic of soft soil, and the degradation then happens quickly after that. Figure 20b demonstrates the 751 

mobilization of skin friction resistance with pile settlement for various soil layers, where the hardening-softening 752 

behaviour was seen in the curves of three different soil layers. Each skin friction curve in this figure represents the 753 

skin friction capacity of a single layer and the total skin friction capacity of all soil layers where the pile penetrated 754 

through.  The ultimate skin friction resistance often peaks at a settlement of 18 mm (≈ 0.012 𝑑𝑝). The comparison 755 

of the end-bearing resistance and skin friction resistance curves is shown in Figure 20c. Although it seems that skin 756 

friction is smaller than the end-bearing resistance, this difference is dependent on the mobilized settlement. For 757 

instance, the skin friction resistance is less than the end-bearing resistance by around 13.6% at the peak state and 758 

45.6% at the residual state.  759 

The comparison of the load-settlement curves for ultimate bearing capacity for predicted and measured data 760 

is shown in Figure 20d. It should be observed that as pile settlement increases, the ultimate bearing capacity rises and 761 
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peaks at 35 mm (≈ 0.023 𝑑𝑝) before decreasing. The comparative findings demonstrate that the black dot line, which 762 

represents the curves predicted using the back-analysis approach has the best fit with the measured curve. Curves 763 

predicted with input parameters based on SPT/CPT, on the other hand, have a greater error but still exhibit good 764 

agreement with the measured one (red solid curves). It should be stressed that, as previously indicated, there are a 765 

number of complex aspects that could affect the production of a prediction curve and it would be very difficult to 766 

match perfectly with the measured curve while using input parameters obtained from laboratory tests or CPT. 767 

Specifically, The average relative error is only 2.2% for the prediction case utilizing input parameters based on back 768 

analysis, 7.9% for the prediction case using CPT-based model calibration as well as an adjusted factor, and 12.7% for 769 

the prediction case using CPT-based model calibration without an adjusted factor. The ultimate bearing capacity of 770 

the test pile with a 2 m diameter is then predicted using the input parameters derived from the back analysis technique 771 

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 772 

match between the analytical and experimental curves is seen with a relative error of approximately 5.3%, 773 

demonstrating the robust estimation capabilities of the proposed model (Figure 20e). 774 

 775 

    776 
a)  777 



37 

 

 778 
Figure 20. Comparison of predicted and measured results for test pile in Italy (data after Caputo et al. 1991): a) pile 779 

test profile, b) skin friction capacity, c) end-bearing capacity, d) ultimate bearing capacity for pile with a diameter 780 

of 1.5m, e) ultimate bearing capacity for pile with a diameter of 2m 781 

4.3. Field measurement of pipe piles in LaGrange, Indiana 782 

 783 
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a) 784 

 785 
Figure 21. Comparison of predicted and measured results for test pile in Indiana (data after Lee et al. 2003): a) pile 786 

test profile, b) skin friction capacity, c) end-bearing capacity, d) ultimate bearing capacity  787 

 The load capacity of both closed- and open-ended piles are reported by Lee et al. (2003) through an 788 

experimental programme utilizing calibration chamber model pile load tests and field pile load tests. The test site is 789 

close to the Han River in Indiana. Due to the characteristics of test pipe piles penetrating sand layers of varying 790 

densities, this project is chosen for performance analysis. Moreover, the measured skin friction and end-bearing 791 

capacity of piles are separately provided, which is beneficial for comparison. The profile of the test pile and the soil 792 

conditions are shown in Figure 21a. As can be observed, the soil site is primarily loose, gravelly sand deposit with a 793 

𝐷𝑟 = 30% up to a depth of 3 meters. Conditions are dense to very dense throughout the rest of the sand deposit, which 794 

is down to a depth of 13–14 m (𝐷𝑟 = 80%). Figures 21b and 21c, respectively, show the results of the resistance 795 

analysis of the components that include skin friction and end-bearing. The measured data reveals that while the end-796 

bearing resistance only exhibits hardening behaviour, the skin friction resistance exhibits a softening behaviour after 797 

reaching its maximum value at a settlement of 18 mm (≈ 0.05 𝑑𝑝). In this instance, the end-bearing component has 798 

a significantly higher contribution to the ultimate bearing capacity compared to the skin friction. It is important to 799 

note that a variety of complex factors, including the soil characteristics, loading procedure, and construction technique, 800 

can affect how a real pile behaves at the interface, which accounts for the difference between the expected and actual 801 
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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 802 

of pile construction, soil recovery, and contact damage between the soil and structure for shallow layers, the 803 

mobilisation of shaft friction would be greatly impacted. Consequently, fitting the skin friction-settlement curve 804 

appropriately would be challenging in this scenario. More importantly, though, is that the softening tendency of the 805 

friction shaft components is found to be appropriately predicted by the analytical model. As a result, it could be 806 

concluded that the proposed model still provides a potential choice for the load-settlement analysis of piles. 807 

Concerning modelling the load-settlement response of both resistance components, the predicted curves and the 808 

measured one agree well. The comparison of the predicted and measured curves for the ultimate bearing capacity of 809 

piles is shown in Figure 21d. It is noted that there is good agreement between curves derived using the analytical 810 

model and field measurements. Using the back analysis-based input parameters enhanced the performance of the 811 

proposed model. The average relative error for the prediction case that used input parameters based on back analysis 812 

was 3.4%, for the prediction case with CPT-based model calibration that used an adjusted factor was 8.7%, and for 813 

the prediction case with CPT-based model calibration that did not use an adjusted factor was 15.1%. 814 

4.4. Field measurement of the driven pile in Sandpoint, Idaho  815 

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 816 

driven to a depth of 45 m on soft, compressible soil. The profile consists of a layer of sandy and silty soil roughly 6 817 

m thick and a layer of clay measuring roughly 40 meters. Unlike other projects, the pile base in this case is supported 818 

by soft clay. Thus, it is anticipated that the skin friction resistance will significantly contribute to the ultimate bearing 819 

capacity of the pile. In addition, the groundwater table was discovered at a depth of 3 m below the ground surface. 820 

Therefore, the sandy silt layer could be separated into 3m of unsaturated soil with a 60% saturation degree, and the 821 

remaining 6m were accepted to be saturated. Since the measured soil-water characteristic curve was not provided, the 822 

suction profile is predicted using Equation (45) with a flow rate of 1.15e-9 m/s as demonstrated in Figure 22a. Figures 823 

22b and 22c show the mobilization of skin friction resistance and end-bearing resistance of the considered pile, 824 

respectively.  It should be noted that because the pile has a long length and its base rests on soft soils, skin friction 825 

accounts for around 80% of the total bearing capacity and is more than four times the end-bearing resistance. As a 826 

result, the test pile is classified as a friction pile. The comparison of the predicted and measured load-settlement curves 827 

is shown in Figure 22d. It is noted that the analytical model predicts the load-settlement response with good agreement 828 

to measurements. The average relative error is 5.6% in the prediction case using input parameters based on back 829 

analysis, 14.5% in the prediction case with CPT-based model calibration using an adjusted factor, and 16.1% in the 830 

scenario without an adjusted factor. Moreover, the data from static load tests show that as settlement increases, the 831 

ultimate bearing capacity increases as well, and then exhibits softening behaviour after reaching the ultimate value.  832 

A reason for the softening response in this situation can be attributed to the interface between soft clay and the pile, 833 

which is frequently destroyed at a small displacement, resulting in a reduction in skin friction resistance. 834 
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 835 
a) 836 

 837 

Figure 22. Comparison of predicted and measured results for test pile in Idaho (data after Fellenius et al. 2004):  838 

a) pile test profile, b) skin friction capacity, c) End-bearing capacity, d) ultimate bearing capacity 839 

   840 
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4.5. Field measurement of the bored pile in Singapore  841 

 The field measurement results on a bored pile with a diameter of 1.2 metres and a length of 37.4 metres were 842 

reported by Lee and Park (2008). Having results from both the O-cell test and the static load test, the project is an 843 

important one for comparison purposes. It should be emphasised that because the pile is regarded as a wholly rigid 844 

entity in the theory of the O-cell test, the elastic settlement of piles is negligible. However, the pile practically suffers 845 

elastic shortening with an applied load, and its strain decreases with depth. Due to this advantage, the results of static 846 

load testing are used as a benchmark for comparison, while the results of O-cell tests are only used to examine the 847 

behaviour of the load-settlement curves of the resistance components. The test piles and soil profile are shown in 848 

Figure 23a. It was found that the test pile penetrated through layers of silty clay and had toe bearing from the very 849 

stiff/stiff silty clay. Because the groundwater table was discovered at a depth of 8m below the ground surface, the 850 

silty clay layer could be separated into 8m of unsaturated soil with a 72% saturation degree, and the remaining 10.5m 851 

were taken to be saturated. It would be ideal to obtain SWCC data at various depths because the flow rate varies with 852 

depth. Unfortunately, the original article did not include the SWCC data. As a result, the authors cite the SWCC data 853 

of silty clay with similar physical properties that were reported by Uchaipichat and Khalili (2009). The SWCC utilised 854 

to determine the AEV, matric suction, and corresponding degree of saturation is shown in Figure 22b. An example 855 

for estimating the confining pressure of unsaturated soils at the ground surface is illustrated here. In this case, the 856 

effective pressure of unsaturated soil at the ground surface would be (𝜎𝑣
′)𝑢𝑛𝑠𝑎𝑡 = (𝑢𝑎 − 𝑢𝑤). 𝑆𝑒 = 80𝑥0.72 =857 

57.6 𝑘𝑃𝑎. The earth pressure coefficient 𝐾𝐸= (1 − 𝑠𝑖𝑛𝜑𝑐𝑠). (𝑂𝐶𝑅)
0.5. 𝑡𝑎𝑛(𝑅𝑖. 𝜑𝑐𝑠) ≈ 0.26. The confining pressure 858 

at the ground surface will be (𝜎ℎ
′ )𝑢𝑛𝑠𝑎𝑡 = (𝑢𝑎 − 𝑢𝑤). 𝑆𝑒 . 𝐾𝐸 = 80𝑥0.12𝑥0.26 = 15 𝑘𝑃𝑎      859 

Figures 23c and 23d show the prediction outcomes for the skin friction capacity and end-bearing capacity, 860 

respectively. It is discovered that, while the end-bearing capacity constantly increases nonlinearly with settlement, 861 

the skin friction capacity increasingly mobilises with pile settlement and approaches a limiting value at 15.5mm (≈862 

0.013 𝑑𝑝). Moreover, the skin friction component contributes significantly more to the overall bearing capacity of 863 

the pile than its end-bearing capacity does. Figure 23e compares the results of predictions and measurements for 864 

ultimate bearing capacity. It is evident that the shapes of the predicted and measured curves are quite comparable. 865 

With a relative error of roughly 7.2%, the load-settlement response derived from the analytical model consistently 866 

agrees with that of static load tests. Also, it was discovered that the predicted curve with input parameters based on 867 

back analysis had a greater agreement with the measured curve, indicating that the proposed model's performance 868 

may be enhanced by increasing the accuracy of the input parameters. In comparison to static load tests, the results of 869 

the O-cell test were likewise shown to be overestimated. This is considered to be due to the elastic shortening of the 870 

pile not taken into account by the O-cells, which only assessed the relative displacement between the soils and the 871 

pile.  872 
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 882 

e) 883 

Figure 23. Comparison of predicted and measured results for test pile in Singapore (data after Lee and Park 2008):  884 

a) pile test profile, b) SWCC data; c) skin friction capacity, d) End-bearing capacity, e) ultimate bearing capacity 885 

 886 

5. Conclusions 887 

 To represent the hardening-softening behaviour, an interface shear stress-displacement model was developed 888 

using the adhesion-friction integration and disturbed state concept. The only additional parameter in the proposed 889 

model was the "ultimate disturbance function" which can be easily determined using either conventional direct shear 890 

tests or soil shear strength parameters. The new model captured the hardening-softening behaviour, which is not 891 

possible through the use of hyperbolic models. 892 

 The experimental results from direct shear tests were used to validate the DSC interface model. The 893 

comparison results demonstrated that the shear stress-displacement curve can be successfully simulated and that the 894 

proposed model had a better performance compared to the hyperbolic model for both loose and dense soils. 895 

 The proposed interface model was extended to integrate with bearing capacity theory to develop the load 896 

transfer framework for pile foundations. In this study, a simplified approach was presented, which takes into account 897 

the hardening relationship of the base reaction and the nonlinear softening relationship of skin friction. This work 898 

also developed prediction methods for the profile of steady-state matric suction in situ, soil-water characteristic curve, 899 

and pore-water pressure of unsaturated soils The present method was validated with five well-documented field 900 
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measurement projects. The comparison results showed that the proposed approach and the behaviour observed in the 901 

field were in good agreement. 902 

 The proposed analytical approach and developed algorithm provided a cost-effective and reliable solution that 903 

was appropriate for the analysis of piles embedded in saturated and unsaturated multi-layered soils. 904 
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