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Abstract 

Disconnecting pile heads from the raft has gained wide application because the gravel and geogrid layers filling the space 

between them create a more even pressure distribution and reduce differential settlement. However, due to the complexity 

of modelling the multiple interfaces in the superstructure-foundation-subsoil system, previous findings on load-transfer 

mechanisms, interaction effects, and group optimization remain incomplete. Moreover, the common analytical approach 

employed for understanding the load transfer mechanism is the “unit cell’ concept, which cannot fully capture dissimilarity 

in the group. To address these limitations, this study aims to develop an analytical framework for predicting the load-

settlement response of cushioned piled rafts with dissimilar piles. The proposed method simplifies the cushion-pile-soil 

interaction using a Winkler-type Spring model, while a hyperbolic load-transfer function captures the nonlinear pile-soil 

behavior. The model was verified against existing experimental and showed close agreement. It successfully captured the 

load-sharing mechanism, confirming that stiffer, longer, or larger-diameter piles attract a disproportionately higher share of 

the load. The novelty of this work lies in the establishment of an analytical model based on the principles of dissimilar pile 

groups but extended to include cushion force transmission, a critical integration that provides a realistic tool for practice. 

Keywords: Disconnected Piled Raft; Dissimilar Piles; Load Transfer Approach; Cushion; Soil-Structure Interaction. 

 

1. Introduction 

Identical piles are commonly used to transmit the superstructure load of tall buildings to the ground, partly due to 

simplicity and predictability [1, 2]. While this ensures the use-safety requirements, the optimization of the pile group is 

often necessary to compensate for material requirements and installation costs [3, 4]. More specifically, rafts supported 

by few piles can be strategically installed to take advantage of the load-carrying performance of both the piles and the 

raft itself in challenging ground conditions. The geoengineering community has long recognized the use of such 

settlement-reducing piles, a concept dating back to the late 1970s [5], which has shifted the design approach towards 

realizing admissible settlement rather than merely achieving the desired load-bearing capacity [6]. Unlike the 
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conventional pile groups, piled rafts share the load with the surrounding soil [7, 8]. This leads to key interactions 

characterized by raft-cushion (or soil, if the piles are connected) and soil-pile interface properties, involving four main 

interaction types: soil-soil, cushion-pile-soil, pile-soil-pile, pile-soil-raft (for connected piled rafts), soil-cushion-raft, 

and pile-cushion-raft for detached piled rafts, as shown in Figure 1. Regardless of the piles’ attachment to the raft, the 

foundation system behaves as a unit to resist the imposed superstructure load. 
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Figure 1. Typical interaction in (a) connected and (b) unconnected piled-raft with unequal pile lengths (Modified after Uge et al. [9]) 

The inherent complexity of piled rafts is further intensified by real-world conditions that frequently necessitate the 

use of dissimilar piles with varying geometry and stiffness. Spatial variability in natural soil deposits, site constraints 

from existing infrastructure, and non-uniform superstructure loading all demand targeted resistance that identical pile 

groups cannot provide efficiently [10–12]. For instance, core zones with heavy columns, elevator shafts, or mechanical 

equipment demand higher bearing capacity than peripheral areas. Consequently, a growing body of research 

demonstrates the benefits of strategically using non-uniform pile configurations. Liu et al. [13] experimentally observed 

that larger-diameter piles under high-load zones mobilized greater shaft friction and base resistance, while smaller piles 

acted as load stabilizers, reducing stress concentrations. According to the numerical analysis results of Zhang et al. [4], 

pile groups with longer central piles and shorter edge piles not only reduced differential settlement but also optimized 

material usage without sacrificing performance. Moreover, non-uniform arrangements, particularly those with longer or 

stiffer piles strategically placed at corners or high-moment zones, offer enhanced rotational resistance and inertial effects 

by improving stiffness distribution. Such pile groups with varied stiffness and spatial layout reduce base shear and 

moment demands on the superstructure, allowing for better load redistribution and minimized rocking effects during 

seismic events [14–16].  

Interestingly, the literature on the geometric and material nonlinearity of piled raft systems has evolved from 

foundational simplifications to models that are sophisticated enough to embrace heterogeneity not just as a challenge 

but as a critical design parameter. Accordingly, previous studies have significantly advanced our understanding of how 

dissimilar piles engage themselves with the surrounding soil at different depths, demonstrating that stiffer piles receive 

a higher proportion of the foundation load [13, 17]. However, there is a dearth of studies on available analytical tools 

for practice. The common "unit cell" concept, often employed to simplify the analysis of load transfer, cannot capture 

the essential dissimilarity within a pile group [18, 19]. While sophisticated nonlinear 3D numerical methods offer a more 

realistic representation [20, 21], they are often too complex for routine design and preliminary optimization. Moreover, 

prior research on disconnected piled rafts has been constrained by these simplified approaches or has focused 

predominantly on experimental and numerical analysis of load transfer from the raft to the pile head [22, 23], 

overlooking the integrated analytical modelling of the complex cushion-pile-soil interaction in groups with dissimilar 

piles. 

In response to these challenges, this paper establishes a computational model to quantify the load-carrying 

characteristics of cushioned piled rafts comprising dissimilar piles. The model formulation is established based on the 

iterative approaches developed for dissimilar pile groups [24] and is extended to integrate a physical representation of 

the cushion effect. By integrating two key components into a single, practice-oriented tool, this work presents a novel 



Civil Engineering Journal         Vol. 11, No. 11, November, 2025 

4438 

 

solution that bridges the gap between overly simplified concepts and complex numerical models. First, the cushion-pile-

soil interaction is simplified through a Winkler-type spring model, which facilitates load transfer between the raft and 

the pile-soil system [25]. Second, the nonlinear pile-soil interactive behavior for each dissimilar pile is represented by a 

hyperbolic load-transfer function [26, 27], capturing the progressive mobilization of shaft and base resistance. By doing 

so, the model can simulate the complex interaction between long and short piles, as well as piles of different diameters, 

while taking into consideration the stress redistribution role of the cushion layer. The proposed computational model 

was verified against existing experimental data from the literature [13, 28], with which it compared favorably. The 

remainder of this paper is structured as follows: Section 2 provides a detailed classification and discussion of the various 

types of dissimilarity in piles (length, diameter, stiffness, and configuration). Section 3 presents a comprehensive 

discussion on the interactive effects, detailing the developed analytical methodology, the governing equations, and the 

proposed computation algorithm, as shown in Figures 2b and 2c. Finally, Section 4 summarizes the key insights derived 

from the analysis and outlines directions for future research. 
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Figure 2. Flowchart of (a) research methodology, and (b) model computation algorithm 

2. Dissimilarity in Piles 

Over the ensuing years, pile geometric differences and dissimilarities in material properties have been intentionally 

introduced, either during the design phase or through the reuse of existing foundation piles, to achieve economic benefits 

[3, 29]. With numerous design factors to consider (e.g., cushion thickness and stiffness, raft geometric dimensions, pile 

geometric dimensions and stiffness, etc.), a wide range of designs is possible, allowing the designer to choose one at 

random or with limited expertise. Therefore, attentively designed dissimilarity with optimum pile arrangement is a way 

forward in engineering practice to fully mobilize the bearing capacity of individual piles and to diminish angular 

distortion and differential foundation settlement [30, 31]. Nonetheless, it should be noted that the use of dissimilar piles 

may also introduce significant risks of differential settlement and uneven load distribution if not properly analyzed and 

designed. 

2.1. Dissimilarity in Length 

In the last several years, unequal length piles (i.e., a group with short and long piles) have been extensively employed 

in infrastructure projects to attack static and dynamic loads imposed on infrastructures [32, 33]. Accordingly, several 

studies have been conducted under various loading scenarios, viz., vertical loading [25], eccentric loading [34], lateral 

loading [29, 35], passive loading [36], and combined static and dynamic loading [16, 37]. Such studies have disclosed 

that longer piles attract a disproportionately higher share of the load due to their higher stiffness and greater surface area 

for shaft resistance and end-bearing capacity, as shown in Figure 3. Accordingly, groups with varying pile lengths 

demonstrate a tendency for longer piles to dominate load redistribution, while shorter piles contribute less significantly 

and get protected by the long piles [38]. Sometimes the short piles remain underutilized since they may not mobilize 

their full capacity. This has led to implementing rigid long and flexible short piles to avoid inefficient use of materials 

[39–41]. Consequently, dissimilarity in pile length is usually strategically combined with variations in stiffness. In such 

systems, long, rigid piles collaborate with short, flexible ones within the upper soil strata, where the shorter piles 

primarily serve to increase the overall bearing capacity of the foundation. 
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Figure 3. Comparison of the load sharing ratio variation over long and short pile heads in disconnected piled rafts subjected 

to vertical loading (Modified after Pengfei et al. [17]) 

Moreover, the interaction between piles of varying lengths within a disconnected piled raft foundation constitutes a 

highly complex soil-structure interaction (SSI) problem. This complexity arises from several interdependent factors, 

such as integrating components with vastly different stiffness characteristics, viz., the rigid raft, the cushion, the long 

piles, the short piles, and the surrounding soil. The proportion of load carried by the soil (transferred from the raft 

through the cushion layer), the long piles, and the short piles is not static. It continuously redistributes under changing 

structural or seismic loads, which creates a dynamic and interdependent system. While dissimilarity in length engages 

soil strata at different depths, a parallel and often complementary strategy involves varying the pile cross-section. 

Dissimilarity in diameter directly alters the pile's axial stiffness and load-attraction capacity from the outset. 

2.2. Dissimilarity in Diameter 

The cushion-pile-soil-raft-structure interaction in a disconnected piled raft foundation also becomes significantly 

more intricate when the system incorporates piles of dissimilar diameters. Due to the cross-sectional dissimilarity, the 

load distribution mechanism is fundamentally altered in which stiffer elements, typically the larger-diameter piles, attract 

a disproportionate share of the load, as shown in Figure 4. This is due to their greater cross-sectional area (i.e., higher 

axial stiffness) and larger surface area (i.e., corresponding to the shear stiffness), which leads to a higher zone of stress 

influence and pile-soil stress ratio [13]. Consequently, in a similar manner with the response of varying lengths, the 

larger piles may mobilize their ultimate capacity or experience higher stresses, while smaller diameter piles may remain 

underutilized. According to Tong et al. [42], the cushion thickness to pile diameter ratio (tc/d) acts as a primary control 

mechanism to mediate and optimize stress redistribution between the rigid raft, the piles, and the underlying soil. This 

function becomes critically important when incorporating varying diameter piles (e.g., in long-short pile systems), as a 

uniform ratio fails to simultaneously mobilize the full bearing capacity of all components. 
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2.3. Dissimilarity in Stiffness 

The preceding discussion on length and diameter inherently introduces the overarching concept of dissimilarity in 

stiffness, as both geometric properties are primary determinants of a pile's flexural and axial rigidity. This subsection 

explicitly examines cases where stiffness variation is directly engineered through material choice or composite design. 

In most cases, pile stiffness variations during design have been introduced along with length dissimilarities to optimize 

the load-settlement behavior of composite foundations, as explained above. Accordingly, several studies have dealt with 

long rigid and short flexible piles in the group [39, 40, 43–45]. Yang & Zhang [46] demonstrated that dissimilarities in 

pile length and stiffness fundamentally alter the superstructure-foundation interaction by shifting a greater portion of the 

axial load and negative skin friction to the longer, stiffer piles, though this effect diminishes beyond a certain length. 

Jais et al. [47] demonstrated that stone columns (flexible piles) used in conjunction with rigid concrete piles under a raft 

foundation reduced total settlement by up to 27% and improved load-sharing efficiency.  

Similarly, Fang et al. [48] explored the use of biocemented coral sand piles (BCS piles) as flexible elements in a 

long-short pile composite system, reporting an up to 68% increase in bearing capacity and more uniform stress 

distribution compared to untreated ground. According to the static load test of Zhang et al. [49], rigid plain concrete 

piles gained more load sharing due to their significantly higher stiffness, which allowed them to attract and transfer a 

greater proportion of the applied load compared to the more compliant flexible piles (soil compaction piles) of similar 

geometric dimensions, as shown in Figure 5. The study also concluded that negative skin friction did not develop along 

the flexible piles because their modulus was very close to that of the surrounding improved soil, resulting in minimal 

pile-soil differential settlement that could trigger downward shear stresses. Besides, stiffness differences within a group 

can also arise from the addition of underpinning piles to facilitate foundation reuse during vertical building expansions, 

a strategy increasingly adopted to meet soaring urban housing demands [50]. In short, the use of dissimilar pile lengths 

inherently introduces stiffness gradation, which helps to redistribute stresses more evenly between piles and soil while 

reducing differential settlement and improving load-sharing efficiency. 
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Figure 5. The load sharing ratio variation of rigid pile, flexible pile and soil between piles during vertical loading on 

disconnected piled rafts [49] 

2.4. Dissimilarity in Configuration 

Beyond the properties of individual piles, the spatial arrangement, or dissimilarity in configuration, governs how 

these variably-stiff elements interact as a unified system. Optimizing the layout is vital to harnessing the benefits of 

length, diameter, and stiffness variations for improved group performance. Conventional pile group design typically 

uses identical piles in a regular grid to simplify construction and minimize installation errors. The configuration of piles 

within a group, including their geometry, length, and layout, directly governs the foundation's load distribution and 

stress mechanisms, thereby critically influencing the overall structural performance and seismic resilience. In actual 

engineering practice, the two most common and fundamental configurations are the triangular pattern and the square 

layout [51]. The first arrangement is characterized by equal spacing in both perpendicular directions, and is widely used 

due to its straightforward design and ease of construction. On the other hand, the triangular arrangement spaces the piles 

at equal distances from each other, forming a series of equilateral triangles. This pattern offers the most compact 
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grouping for a given pile spacing, minimizing the area of the raft and often leading to a higher group efficiency due to 

more optimal pile-to-pile interaction and better utilization of the inter-pile soil. Nonetheless, irrespective of whether a 

square or triangular pattern is employed, optimizing a pile group through variable pile lengths provides a more 

straightforward approach. This method avoids the increased positioning complexity inherent in variable pile spacing 

and the construction difficulties associated with installing piles of differing diameters [52].  

Maheetharan et al. [53] found that using a non-uniform pile configuration, which had longer piles under the core and 

shorter piles along the raft perimeter, significantly reduced differential settlement and improved the structural 

performance of a piled raft foundation. This practical design approach was validated through an iterative geotechnical-

structural modelling process and field measurements on a high-rise project. The numerical study by Zhang et al. [4] 

strongly supports this concept, demonstrating through finite element analysis that varying pile lengths or diameters 

across a group minimizes differential settlement by counteracting the inherent basin-shaped deformation pattern caused 

by pile-to-pile interaction effects. This shows that pile arrangements that stagger more piles at the center of a raft 

foundation have been shown to significantly enhance load-settlement behavior by improving the stiffness distribution 

and reducing differential settlements. Therefore, concentrating piles centrally to create a stiffer zone (either through non-

uniform pile arrangements by increasing number, diameter, or length) effectively reduces differential settlements and 

improves load transfer by optimizing group interaction. 

3. Modelling Interactive Effects in Dissimilar Pile Groups 

3.1. Analytical Framework for Dissimilar Pile Groups 

In the classical interactive effects of two piles, the interaction factor analysis method assumes that identical piles 

affect each other equally. It ignores the effect of dissimilarity in the group, in which, for instance, the influence of a long 

pile on a short pile may be greater than the reverse. This method, first formalized by Poulos [54], has long served as a 

cornerstone in the analysis of pile group behavior, which is often rooted in the elastic superposition of two-pile 

interaction factors. Several studies have been conducted to account for several missing factors in the traditional pile-pile 

interaction factor ef between the loaded pile f and unloaded equal length pile e, as shown in Figure 6-a. With the central 

concepts of pile ‘sheltering’ and ‘reinforcing’ effects, Wang et al. [55] proposed a formulation based on the logarithmic 

soil displacement attenuation function developed by Mylonakis & Gazetas [56] and compared it with the case presented 

by Poulos & Davis [57], as shown in Figure 6-b. In Figure 6-b, the subscript 1 and 2 stand for loaded ‘source’ pile and 

unloaded ‘receiver’ pile, respectively; as in W11 = settlement of ‘source’ pile 1, W21 = additional settlement of ‘receiver’ 

pile 2 caused by ‘source’ pile 1. Whereas the free-field displacement surrounding the loaded 'source' pile is denoted by 

ψ₂₁, while the 'sheltering effect' and 'reinforcing effect' are represented by Δα₂₁ and Δα₁₂’, respectively.  

Their method can be employed to analyze the sheltering and reinforcing effect of the group to estimate the load 

settlement response of individual piles, such as the corner, edge and center piles. However, as critically examined 

by Sales & Curado [58], these methods inherently assume homogeneity, reciprocity, and isolation. They argued that 

these presumptions dissolve in real-world conditions. Their work demonstrates that interaction factors () are not 

reciprocal (ij≠ji) and are profoundly influenced by the stiffness of neighboring piles, the shielding effect of 

intermediate piles, and the geometric confinement within the group. For varying pile lengths, the interaction factors 

for the cases in Figure 6-a (ii and iii) can be deduced based on the identical piles’ interaction coefficients ee and 

ff, respectively [59]. This indicates that, for a foundation utilizing varying length piles, where end-bearing and 

floating piles coexist, the simplifications made in the traditional approach can lead to a severe miscalculation of 

differential settlements and load distribution, potentially compromising the serviceability and integrity of the entire 

superstructure. 

Advancing beyond these conventional elastic approaches, several researchers have put efforts into the development 

of sophisticated nonlinear 3D analytical methods to more accurately capture the complex soil-structure interaction 

inherent in piled raft systems [20, 21]. These interactions include soil surface-soil surface, pile-soil surface, pile-pile, 

raft-pile, raft-soil surface, including raft-cushion, and cushion-pile-soil-interactions in the case of disconnected piled 

raft [7, 60]. For convenience, Jeong & Cho [20], and Jeong et al. [61] developed an improved analytical method that 

incorporates raft flexibility via flat-shell elements and soil nonlinearity through load-transfer curves (p-y, t-z, q-z), 

providing a more realistic computational framework for predicting piled raft behavior. Mu et al. [60] developed a hybrid 

analytical approach that incorporates pile-soil-raft interactions via modified Vesic’s subgrade modulus and layered soil 

modelling through shear displacement and elastic foundation beam methods. Similarly, El-Garhy [62] established a 

simplified nonlinear method based on a plate‑ on‑ springs approach that idealizes the cushion as an incompressible 

shear layer and represents the weak soil, short piles, and long piles as interacting soft, semi‑ stiff, and stiff nonlinear 
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springs to analyze disconnected piled raft foundations with piles of varying lengths and cushion‑ mediated load transfer. 

Furthermore, moving beyond the foundation itself, Ko et al. [21] emphasized the critical need to integrate the 

superstructure into the analysis, proposing an iterative and interactive design method that couples the stiffness of the 

superstructure, the piled raft, and the soil. This body of work represents a significant shift from isolated, elastic two-pile 

analysis towards integrated, nonlinear 3D methods that can faithfully simulate the complex dialogue between all 

components of a piled raft foundation system. 
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Figure 6. The pile interaction between two dissimilar piles: (a - i) Lf = Le; (a- ii) Lf < Le and (a- iii) Lf > Le; (b) two-pile 

interaction factor model for identical piles (1) the original approach according to Poulos and Davis [57], and (2) modified by 

Wang et al. [55] to consider group reinforcing/sheltering effects. 

3.2. Incorporating the Cushion Effect 

Referring to Figure 7-a, a typical disconnected piled raft having varying length piles can possibly involve raft-

cushion, pile-cushion, long-short pile, pile-soil-pile, and cushion-soil interactions. The most common simplified 

representation of these interactions is the use of the plate (membrane) on springs approach, which refines the traditional 

Winkler model to incorporate the shear transfer between adjacent springs [61, 62]. As the load acting on the raft is 

transferred from the raft to the cushion (Figure 7-b), the raft is modeled as a plate pushing down the cushion springs. 

Due to its mechanical properties, the granular cushion is not just a set of independent vertical springs. Therefore, it is 

prudent to idealize it as an incompressible shear layer that allows the redistribution of loads horizontally from areas of 

high deflection (e.g., soil between piles) to areas of low deflection directly above the pile heads. This pressure 

distribution over the deflection zones transfers down to the grid of interactive springs, springs representing the soil and 

piles as illustrated in Figure 7-c. The stiffness of each spring element determines how much load it attracts. As shown 

in Figure 7-d, the long piles, being the stiffest, attract the most load (say N0,j), but the cushion ensures that the weaker 

soil (with σs0) and short piles (with N0,i) also participate significantly. These transmitted loads are then transferred to the 

ground using a system of interconnected springs to represent the soil-pile continuum. The cushion layer is the critical 

enabler in creating the condition that promotes greater settlement of the shallow soil relative to the piles in the upper 

section near to the pile heads. This interactive mechanism inevitably causes soil downdrag along the pile length above 

the neutral plane, triggering the mobilization of negative shaft friction. 
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Figure 7. Simplified illustrative model for interactions and soil stress states around piles in disconnected piled raft 

foundations (modified after [1, 20, 63, 64]) 

Figures 7-a and 7-d also illustrate that the interaction for variable-length piles in a group includes both shaft and base 

effects [4]. This highlights a critical difference from uniformly long piles, where interactions are often simplified or 

considered independently. In long-short pile configurations, the longer pile's deeper base resistance influences the soil 

zone around the shorter pile's shaft and base, while the shorter pile's shaft resistance affects the settlement and load 

response of the longer pile. These coupled shaft-base interactions mean that the load-settlement behavior cannot be 

accurately captured by considering shaft or base effects in isolation, necessitating advanced analytical methods that 

account for this combined mechanism to predict group settlement and load distribution reliably. 

As far back as the late 1970s, the representation of the stresses on soil elements neighboring a pile shown in Figure 

7-e has been considered to analyze the diffusion of stresses from vertically loaded piles [65]. This representation allows 

for the theoretical foundation to develop and solve the governing equations for the stress and displacement compatibility 

as the infinitesimal pile and soil elements maintain equilibrium against the transmitted shear displacement in the soil 

induced by relative soil-pile displacement. This formulation gave rise to the classical shear displacement method, 

establishing the basis for mechanistic t-z curve derivation [66]. To date, numerous studies have extended the shear 

displacement method using load-transfer functions to model the progressive deformation of the pile-soil system [24, 27, 

67–69]. The most commonly used load transfer functions in the load transfer method are the piecewise-hyperbolic, 

power-law, bilinear or trilinear relationships [70–79].  

According to Liu et al. [24], the hyperbolic load transfer function (akin to Figure 8) can be used to model the 

interaction between dissimilar piles in a group. Each pile is first discretized into 𝑛 segments of equal thickness Δ𝑧 before 

applying the equilibrium and compatibility equations. The hyperbolic models for the shaft and base resistance 

mobilization can be expressed as: 

𝜏𝑖(𝑧) =
𝑤𝑖,𝑟𝑒𝑙

(𝑧)

𝑎+𝑏𝑤𝑖,𝑟𝑒𝑙
(𝑧)
=

𝑤𝑖,𝑟𝑒𝑙
(𝑧)

𝑟0
𝐺𝑠
𝑙𝑛(

𝑟𝑚
𝑟0
)+
𝑅𝑠𝑓

𝜏𝑠𝑢
𝑤𝑖,𝑟𝑒𝑙

(𝑧)
  (1) 

where wi,rel(z) = the relative pile -soil displacement, a, b = model parameters, Rsf= a curve-shape constant, ranging 

between 0.80 and 0.95 [27], 𝜏𝑠𝑢(𝑧) = 𝑐𝑎 + 𝐾0(𝛾𝑧 + 𝜎𝑠0) 𝑡𝑎𝑛 𝜙, γ= soil unit weight, ca= cohesion, and ∅ = interface 

friction angle. 

𝜏𝑏 =
𝑤𝑏

𝐴+𝐵𝑤𝑏
=

𝑤𝑏
𝜋𝑟0(1−𝑣𝑏)

4𝐺𝑠
+
𝑅𝑏𝑓

𝜏𝑏𝑢
𝑤𝑏

  
(2) 

where A, B= spring stiffness parameters, 𝑤𝑏 = pile toe settlement, 𝜏𝑏  = unit toe resistance, 𝑅𝑏𝑓  = curve-fitting 

coefficient, recommended to take it as 0.9 [68] and 𝜏𝑏𝑢 = maximum unit toe resistance under the highest load. 
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Figure 8. Typical parabolic expressions of the load transfer functions (adopted from Liu et al. [24] with permission) 

Following Liu et al. [24], group interaction can be accounted for in the initial tangents of the t-z and q-z load transfer 

laws of Equations 1 and 2. For uniform pile-group interaction, in addition to the additional soil deformation at pile i due 

to each adjacent pile j≠i, there is a reduction (or screening) that accounts for the loaded pile being “stiffened” by its 

neighbors, which can be expressed with the equivalent interface stiffnesses as follows: 

𝑎𝑖 =
1

𝐾𝑠𝑖
=

𝑟0

𝐺𝑠
𝑙𝑛

𝑟𝑚

𝑟0⏟    
Individual initial
stiffness contribution

+ ∑
𝑟0

𝐺𝑠
𝑙𝑛

𝑟𝑚

𝑟𝑖𝑗
𝑗≠𝑖⏟      

Neighbor-induced

contribution

− ∑
𝑟0

𝐺𝑠
𝑙𝑛

𝑟𝑚

𝑟𝑖𝑗
𝑗=1,𝑗≠𝑖⏟          
Screening

  
(3) 

𝐴𝑏,𝑖 =
1

𝐾𝑏,𝑖
=

𝑟0(1−𝑣𝑏)

𝐺𝑏
(
𝜋

4
+
𝑟0

2
∑

1

𝑟0
𝑗=1,𝑗≠𝑖 )  (4) 

For dissimilar piles, however, shaft-shaft and shaft-base influences can be explicitly coupled with the same concept 

as follows [24]: 

𝐾𝑠𝑖 =
1

𝑎𝑖
= [

𝑟0

𝐺𝑠
𝑙𝑛

𝑟𝑚

𝑟0
+ ∑

𝑟0

𝐺𝑠
𝑙𝑛

𝑟𝑚

𝑟𝑖𝑗
+. . .𝑗≠𝑖 ]

−1

  (5) 

𝐾𝑏,𝑖 =
1

𝐴𝑏,𝑖
=

2𝐺𝑏

𝑟0
2(1−𝑣𝑏)

∑
1

𝑟𝑖𝑗
𝑗≠𝑖   (6) 

Equations 3 and 4 show that equivalent shaft stiffness combines self-loading, neighbor shaft resistance, and reduction 

terms, in which extra terms appear to capture the cross-effects of long pile shafts, short pile shafts, and even the short 

pile base. Moreover, when long and short piles coexist, the formulation assumes that long pile base stiffness is affected 

only by other long pile toes, ignoring short pile base influence. Whereas, the short pile base stiffness accounts for both 

short-pile and long-pile toe interactions. The reason for this asymmetric assumption is that the short pile toe is at a higher 

elevation and does not significantly influence long pile tip settlement. 

For the cushion-pile-soil interaction using the Winkler-type model, the displacement compatibility at the rigid raft 

base for the unit cell analytical element above the pile head (see Figure 8) can be expressed as follows for the internal 

soil column and external soil cylinder [80–82]: 

{
𝑤𝑅 − 𝑢𝑝,𝑖 =

𝑁0,𝑖𝑡𝑐

𝐸𝑐𝐴𝑝

𝑤𝑅 − 𝑠0,𝑖 =
𝜎𝑠0𝑡𝑐

𝐸𝑐
    

  (7) 

where, 𝑤𝑅= the raft settlement, 𝑢𝑝,𝑖= the pile head puncture into the cushion, 𝑁0,𝑖= the pile head load, 𝑡𝑐= thickness of 

the cushion, 𝐸𝑐= Young’s modulus of the cushion, 𝐴𝑝= cross-sectional area of the pile, 𝑆0,𝑖= the surface settlement of 
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the soil between the piles, and 𝜎𝑠0= the stress transferred to the surface of the soil between the piles. This should satisfy 

the total equilibrium: 

∑ 𝑁0,𝑖 + 𝜎𝑠0 × 𝐴𝑠 = 𝑄𝑅
𝑛
𝑖=1   (8) 

where, 𝐴𝑠= the area of soil beneath the raft, 𝑄𝑅= the total applied load on the raft supported by reinforced soil.  

Based on Figure 9, the following key relationships describing the load transmission and settlement behavior of the 

cushion-pile-soil system can be derived [19, 81, 83]: 

{
 

 
𝑤𝑠 = 𝑆𝑠1 − 𝑆𝑠2 
𝑤𝑝 = 𝑆𝑝1 − 𝑆𝑝2

     

𝑆𝑠1 = 𝑆𝑝1 − 𝛿𝑢𝑝    

𝑆𝑠2 = 𝑆𝑝2 − 𝛿𝑑𝑜𝑤𝑛

  (9) 

𝐴 = 𝐵𝑟 × 𝐿𝑟 = 𝐴𝑝 + 𝐴𝑠 ⇒ 𝑚 =
𝐴𝑝

𝐴𝑠
  (10) 

𝑛𝑡 =
𝛼𝑝

𝑚(1−𝛼𝑝)
  (11) 

𝜎p0 =
𝑚𝑛𝑡𝑄𝑅

(𝑚+1)(𝑛𝑡𝑚−𝑚+1)
  (12) 

𝜎s0 =
𝑚𝑄𝑅

(𝑚+1)(𝑛𝑡𝑚−𝑚+1)
  (13) 

𝛿up =
(1−𝜇1

2)×√𝐴𝑝

𝐸1
(𝜎p0 − 𝜎s0)  (14) 

𝛿down =
(1−𝜇2

2)×√𝐴𝑝

𝐸2
(𝜎pb − 𝜎sb)  (15) 

where; 𝑤𝑠 = 𝑤𝑝 + 𝛿𝑢𝑝 + 𝛿𝑑𝑜𝑤𝑛= total deformation of soil around the pile, wp = the compression of the pile, Ss1, Ss2 = 

soil deformations of at the pile head and toe surface levels, respectively; Sp1, Sp2 = pile’s top and toe settlements, 

respectively; and δup, δdown = pile’s head and toe penetrations, respectively; A, Br, Lr = area, breadth and length of the 

raft, respectively, Ap = pile’s cross-sectional area of single pile, As = soil’s area, m = the ratio of the surface per 

reinforcing element cross-sectional area, nt = the ratio of pressure at pile head (σp0) to that taken by the soil (σs0), p = 

the pile load sharing ratio, representing the portion of total load directed to the pile in reference to the applied total force, 

E1 and E2= the elastic modulus of cushion and underlying soil stratum, respectively, χ = the empirical coefficient of 

settlement calculation, which can be taken as 0.79 for circular loading surface and 0.88 for square loading surface [84], 

σpb = pile base stress, and σsb =the surrounding soil bottom stress. 
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Figure 9. Schematic representation of the cushion-pile-soil interaction [19, 81, 83] 
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Now, with the above expressions, the disconnected piled raft foundation’s basic load-displacement relationship is as 

follows for the joint action of the long piles, short piles, soil, and cushion system: 

[𝐾]{𝑤} = {𝑄𝑅}  (16) 

where, [K] is global stiffness matrix of the soil-pile-cushion system, {𝑤} and {𝑄𝑅}are the vertical displacement vectors 

and applied load vectors of the corresponding nodes, respectively.  

In this formulation, each pile head interacts with the raft through a nonlinear cushion. As the applied load increases, 

the cushion redistributes pressure laterally from high-deflection zones to low-deflection zones before the load enters the 

soil and pile springs by following the “plate (membrane) on springs” concept as mentioned previously. For each pile i, 

pile-cushion compatibility at the head enforces equality of pile axial force and cushion reaction, while the compression 

of the cushion over the piles head creates a relative pile-soil displacement. The larger near-pile head soil displacement 

produces a downward pressure on the pile shaft, generating negative skin friction that migrates down to the neutral 

plane. This phenomenon can be reflected using the relative pile-soil displacement in Equation 17, where zn is the depth 

at which the neutral plane satisfies 𝑤𝑖 ,𝑟𝑒𝑙
(𝑧𝑛) = 0and the reversal from negative to positive shaft friction occurs. 

{

𝑤𝑖 ,𝑟𝑒𝑙
(𝑧) < 0, where 𝑤𝑝,𝑖(𝑧) < 𝑤𝑠,𝑖(𝑧)  ⇒ 𝜏𝑖(𝑧) < 0, (0 ≤ 𝑧 < 𝑧𝑛)

𝑤𝑖 ,𝑟𝑒𝑙
(𝑧𝑛) = 0 ⇒  neutral plane                                                                

𝑤𝑖 ,𝑟𝑒𝑙
(𝑧) > 0, where 𝑤𝑝,𝑖(𝑧) > 𝑤𝑠,𝑖(𝑧) ⇒ 𝜏𝑖(𝑧) > 0, (𝑧𝑛 < 𝑧)         

  (17) 

where 𝑤𝑝,𝑖(𝑧) and 𝑤𝑠,𝑖(𝑧)  denote the vertical displacements of the pile and of the surrounding soil at depth z, 

respectively. 

Considering that the pile and the surrounding soil undergo the same settlement at the neutral plane depth, the 

corresponding deformation-compatibility relations for the regions above and below this plane can be expressed as: 

{
𝑤𝑠𝑢 = 𝑤𝑝𝑢 + 𝛿𝑢𝑝     

𝑤𝑠𝑑 = 𝑤𝑝𝑑 + 𝛿𝑑𝑜𝑤𝑛
  (17) 

where 𝑤𝑠𝑢and 𝑤𝑝𝑢denote the compressive deformations of the soil between piles and the rigid pile above the neutral 

plane, respectively; 𝑤𝑠𝑑and 𝑤𝑝𝑑 denote the corresponding deformations below the neutral plane. 

The pile displacement overtakes the soil displacement progressively from the neutral plane downward so the zone 

of positive skin friction expands with load. In order to capture this, the pile-soil interaction is represented by hyperbolic 

t-z and q-z relations (Equations 1 and 2), while group effects enter through the tangents obtained from the equivalent-

stiffness expressions of Equations 5 and 6. Finally, the piled raft response follows from the head compatibility (Equations 

7 and 8) and overall equilibrium (Equation 16). 

For convenience, the pile base penetration, Sb, which is the last segment’s settlement, can be corrected by the 

deformation attributed to the pile toe stress and the bottom stress calculated on the surrounding soil using Equation 15, 

Sb’. If there is disagreement between the computed pile base penetration, adjustment of the p is to be made for another 

iterative back analysis. Figure 2-b presents the flowchart for the solution procedure. 

3.3. Validation of Analysis 

3.3.1. Pile group Composed of Unequal-length Piles 

Figure 10 shows the back calculation results of the experimental findings on a 2×2 long and short pile disconnected 

piled raft foundation reported by Guo et al. [28]. The indoor model test setup involved a large-scale model box of 

dimensions 1600 mm × 1600 mm × 2500 mm, instrumented piles made from hollow aluminium tubes of external 

diameter 100 mm with knurled surfaces to enhance soil-pile friction, a medium river sand as the analogous subsoil, and 

a cushion layer. The instrumentation included strain gauges attached to the piles, earth pressure cells, and pressure 

sensors to monitor load transfer and stress distribution. As can be shown, the comparison of the computation resulted in 

relatively close pile load sharing ratios. 

Initially, the subsoil carries a significant portion of the load. This is because the cushion layer first makes contact 

with the larger surface area of the soil between the piles, and the pile-soil interfaces are not yet fully mobilized. As 

settlement progresses, the hyperbolic load-transfer functions (Equations 1 and 2) govern the progressive mobilization 

of shaft and base resistance. The long piles, due to their greater embedded length, develop a significantly higher 

composite stiffness by engaging a larger shaft area and deriving end-bearing from deeper, stiffer soil strata. 

Consequently, they attract an increasing and disproportionately larger share of the load, as the load naturally seeks the 

stiffer load path. The shorter piles stay comparatively under-mobilized because their shaft length is limited for more 
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mobilizable interface area. Although the pile-soil synergistic mechanical behavior can be captured well, the computation 

using the proposed method yielded conservative results, probably as a consequence of simplifying the cushion as a 

Winkler-type spring layer. The calculation may slightly oversimplify the complex shear transfer and arching effects 

within a real cushion layer. 
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Figure 10. Comparison of computational results with the load sharing ratio variation from experimental results on variable 

length piles [28] 

3.3.2. Pile Group Composed of Variable Pile Diameters 

Liu et al [13] conducted experimental and theoretical study to investigate the response of disconnected piled raft 

composite foundation with variable pile diameters. The experimental setup consisted of a large-scale indoor model tank 

of dimensions 2000mm×2000mm×4000mm, four hollow aluminium piles embedded in silty sand, each 2 m long, with 

surface knurling to simulate the roughness of real concrete piles and ensure realistic pile-soil interface friction. A 50 

mm-thick medium coarse sand cushion layer was placed above the piles under a steel load plate subjected to a uniformly 

distributed load. From the three test groups with different diameter combinations, the configuration with pile dimeters 

of 80 mm and 120 mm, arranged in a square pattern with a center-to-center spacing of 320 mm, is back calculated. The 

comparison between computed load sharing ratio and the results from Liu et al.’s experimental setup is shown in Figure 

11. 

 

Figure 11. Comparison of computational results with the load sharing ratio variation from experimental results on variable 

diameter piles [13] 
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Unlike the variable-length case, where stiffness differences develop with depth, dissimilarity in diameter creates an 

immediate and stark contrast in pile head stiffness. It holds that, larger-diameter piles possess a greater cross-sectional 

area (resulting in higher axial rigidity), and a larger shaft perimeter, leading to a higher initial equivalent stiffness (Ks,i , 

Kb,i) from the outset of loading. Consequently, the larger-diameter piles attract a much greater load share even at low 

load levels. In addition, the cushion effectively facilitates the interaction by ensuring that the smaller-diameter piles and 

subsoil continue to participate significantly. However, as the load-sharing ratio for stiffer elements increases as the 

applied load increases, the subsoil fraction decreases. The close agreement between computation and experiment in 

Figure 11 provides high confidence in using the proposed analytical framework for optimizing group configurations 

where varying pile diameters are used to balance load distribution and material efficiency under a raft. 

4. Conclusions 

This article gives insights into the load-carrying and interactive mechanism of a piled raft foundation having 

dissimilar piles by implementing both the shaft-friction and end-bearing laws in hyperbolic form and with the interaction 

rules for dissimilar piles set out by Liu et al. [24]. The following can be summarized:  

 The interactive effects of pile dissimilarity significantly influence the load sharing ratio of disconnected piled raft 

foundations. For rafts resting on dissimilar piles, longer (or larger diameter) piles attract a disproportionately 

higher share of the applied load compared to shorter (or smaller diameter) piles. This is because stiffer 

components in a load-sharing system attract a greater share of the load. The stiffness of a pile-soil unit is not just 

the stiffness of the pile material itself but the composite stiffness of the pile and the surrounding soil working 

together. Accordingly, a longer pile is a stiffer pile-soil unit. Moreover, the larger cross-sectional area and higher 

bending stiffness of big-diameter piles make them stiffer elements. The use of dissimilar piles inherently 

introduces stiffness gradation that affects the pile-soil synergistic mechanism. 

 In a group of dissimilar piles, the presence of multiple piles reduces the individual pile stiffness due to overlapping 

stress zones and reduced soil confinement. This exacerbates the asymmetric nature of pile-to-pile interactions. In 

order to overcome the mathematical difficulty of having two dissimilar piles in different locations, superposition 

of stiffness modifiers can be employed with the concept of Equivalent Stiffness of the Pile-Soil Interface. This 

simplified approach predicts the interactive effects such that center piles, which are surrounded by other piles, 

will have the softest equivalent stiffness and thus the largest settlement. This allows for the optimization of pile 

groups by showing that using longer (or larger-diameter) piles in the center and shorter (or smaller) ones at the 

edges can effectively reduce differential settlement. 

 With the adaptation of the equivalent stiffness of dissimilar pile types and the hyperbolic load transfer function, 

the cushion-pile-soil interaction at the pile heads was introduced into the load sharing ratio analysis. Since 

crowning the piles with an intercalated cushion layer further complicates the pile load-transfer computation, the 

cushion layer is simplified by the Winkler-type spring. The results were compared with existing data on rafts 

resting on cushioned variable-length and -diameter piles. The comparison shows relatively conservative results 

at low load intensity but comparable output when the applied load increases. The procedure used in the current 

study can be adopted for preliminary design to assess dissimilar pile group optimization. 

 Although the insights from the current study greatly improve the current understanding of disconnected piled raft 

foundations with dissimilar piles, the approach is limited by simplifying the cushion through springs and ignoring 

the influence of a long pile's base resistance on the shaft stiffness of a short pile. These assumptions reduce 

complexity while retaining the most significant interactive effects under vertical static loading conditions and do 

not encompass the effects of soil stiffness degradation under cyclic or long-term repeated loads. Moreover, as 

performance-based design becomes the norm, there is a growing need for adaptive modelling frameworks that 

can simulate the nonlinear, coupled behavior of mixed-length piles under various loading scenarios. Further 

research is required to verify the results through full-scale field monitoring and machine learning-driven 

predictive analytics. 
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