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ABSTRACT. Disconnected piled raft (DPR) foundation is an innovative solution for sites with poor soil 

conditions where a conventional raft foundation may not provide a suitable foundation system. In the DPR 

system, the raft’s efficiency is enhanced by incorporating a limited number of disconnected piles, which 

primarily serve as settlement-reducing elements. A flexible cushion layer is inserted between the raft and the 

piles to create more uniform stress distribution under the raft. In this research, the performance of the DPR 

foundation on loose sand soil subjected to vertical loading is investigated through a comprehensive parametric 

study. 3D finite element analyses employing PLAXIS software are utilized to model the complex interactions 

within the DPR foundation. The piles and raft are represented as volume elements. The soil response is 

simulated with the Hardening Soil (HS) approach, which accurately captures the nonlinear elasto-plastic 

response and the stress-dependent stiffness of the soil. The study examines the effects of cushion thickness, 

cushion elastic modulus, pile length, and pile diameter on the load-settlement behavior of the DPR foundation, 

load sharing between the raft and the piles, as well as the axial loads and bending moments experienced by the 

floating disconnected piles. The findings from this study could be helpful in providing guidelines to achieve the 

optimal design of the DPR foundation resting on loose sand. 

KEYWORDS: Disconnected piled raft; Cushion; Parametric study; Three-dimensional finite element; Complex 

interactions.  
 

1. INTRODUCTION 

Piled rafts serve as a reliable foundation for 

constructions built on poor soils because of their 

ability to efficiently control both total and differential 

settlements and improve bearing capacity. In piled 

raft (PR) foundations, the external loads are carried 

by both the piles and the raft, in contrast to the classic 

design of pile foundations which assumes that the 

piles support the entire load, neglecting the raft’s 

bearing capacity [1-5].   

Employing piles as settlement reducers in PR 

foundations offers an economical foundation by 

reducing the number of piles while fully utilizing 

their bearing capacity [6-11]. However, when this 

limited number of piles is structurally integrated 

with the raft, it can lead to significant bending 

moments and concentrated axial stresses at the pile 

heads. Consequently, the load-carrying capacity of 

the pile could be controlled by its structural strength 

instead of its geotechnical capacity [12-13]. To 

minimize the constraint reactions among the raft and 

the pile heads, [14] proposed a novel foundation 

system commonly called disconnected piled raft 

(DPR). In this system, a compacted granular layer is 

used to separate the piles from the raft. The 

disconnected piles are not considered structural 

elements, but rather reinforcement for the subsoil to 

improve its performance.   

Since the development of this novel 

foundation system, several numerical and 

experimental studies have been carried out in recent 

decades to explore the behavior of DPR foundations 

[15-31]. These studies have focused on principal 

features such as load sharing ratios, the load transfer 

mechanism, and the structural response of the 

disconnected piles. The main findings of these 

studies have highlighted the important role of the 

granular cushion in optimizing the stress 
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distribution between the piles and underlying soil 

and preventing localized structural failure. 

Moreover, both the geotechnical and geometrical 

characteristics of the cushion have a profound impact 

on the DPR foundation. An essential insight from 

previous research is that the load transfer 

mechanisms in the DPR system differ fundamentally 

from those in the PR system, as illustrated in Fig. 1. 

For the PR foundation, Fig. 1a demonstrates 

that at the ground surface, the pile heads, raft, and 

topsoil beneath the raft undergo identical settlement, 

as the piles are structurally fixed to the raft. This 

results in no relative movement between the piles 

and the surrounding subsoil, i.e., 𝑤𝑟 = 𝑤𝑠 = 𝑤𝑝 where 

(𝑤𝑟) is the raft's settlement, (𝑤𝑠) is the settlement of 

the subsoil under the raft between the piles, and (𝑤𝑝) 

is the settlement of the pile. Therefore, no skin 

friction is generated, and the neutral plane of the PR 

system aligns with the bottom of the raft. However, 

as the depth increases, the subsoil settlement reduces 

considerably, while the pile’s settlement remains 

nearly constant. Consequently, beneath the top of the 

pile, the settlement of the pile always surpasses that 

of the subsoil, creating positive skin friction across 

the full length of the piles. Therefore, the peak axial 

load of the connected pile is located at its top, with a 

gradual reduction toward the pile’s tip.  

 

For the DPR foundation, the mechanism of 

load transfer is more complex than in the PR 

foundation, because of the interactions among the 

raft, piles, subsoil, and cushion. Fig. 1b indicates that 

the deformation potential of the cushion layer 

permits relative movement between the raft and the 

piles (i.e., 𝑤𝑟 > 𝑤𝑝). At ground level, the settlement of 

the raft, subsoil and piles is not the same (i.e., 𝑤𝑟 > 𝑤𝑠 

> 𝑤𝑝). The subsoil settlement (𝑤𝑠) is greater than the 

settlement of piles (𝑤𝑝) at the upper depths, therefore 

negative skin friction mobilizes along the perimeter 

of the pile. Consequently, the load is transferred to 

the pile, partly via the negative skin friction 

generated across the pile's shaft and partly via the 

pile head. With increasing depth, 𝑤𝑠 continues to 

decrease, while 𝑤𝑝 remains nearly constant. At a 

specific depth below the top of the pile, 𝑤𝑠 equals 𝑤𝑝 

, marking the position of the neutral plane. Below this 

level, 𝑤𝑠 becomes less than 𝑤𝑝 , therefore the load is 

transmitted from the pile to the adjacent soil through 

positive skin friction. Therefore, in the DPR system, 

the pile’s axial load first rises with depth, reaching its 

peak at the neutral plane, then decreases with further 

depth toward the pile tip. 

The current literature highlights that the 

behavior of DPR system is affected by the complex 

interactions among the cushion, subsoil, raft, and 

piles.  

 
Fig. 1.  Load transfer mechanism: (a) PR, (b) DPR. 
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These interactions are still not fully 

comprehended and require additional research to 

ensure the development of effective designs and the 

proper application of DPR in engineering projects. 

Therefore, in this research, the performance of 

the DPR foundation is examined through 3D finite 

element (FE) model developed with PLAXIS 3D 

V2020 software [32]. To accurately model the 

complex interactions, the nonlinear soil behavior is 

modeled using the Hardening Soil Model and the 

piles are simulated as volume elements.  

First, the FE model's accuracy is verified using 

the findings of centrifuge tests. Then, the verified 

model is used in a parametric study to evaluate the 

influence of some key parameters, including cushion 

thickness and elasticity modulus, as well as the 

length and diameter of piles, on the performance of 

the DPR system resting on loose sand under uniform 

vertical loads. The load carrying capacity of the DPR 

foundation, load distribution between the piles and 

the raft, and axial loads and bending moments 

induced in the disconnected piles are analyzed and 

discussed. 

2. FINITE ELEMENT MODELLING 

2.1. NUMERICAL MODEL    

This section highlights the main characteristics 

of the 3D FE model utilized in the parametric analysis 

to examine the performance of DPR foundation 

founded on loose sand under uniform vertical loads.  

To eliminate the impact of the model 

boundaries on the foundation performance, the 

lateral boundaries of the model are extended to twice 

the raft width, measured from the raft edges. These 

boundaries are fixed horizontally but are allowed to 

move vertically. In the vertical direction, the model’s 

bottom boundary is set at a distance twice the length 

of the pile below the bottom of the raft and is fixed in 

both horizontal and vertical directions [5]. A 

schematic cross-section of the geometry for the FE 

model of the DPR system is presented in Fig. 2. 

Owing to the studied foundation's symmetry 

in both directions, the model represents only one-

quarter of the geometry, as illustrated in Fig. 3. This 

helps reduce the overall model size and, 

consequently, the computational time required. 

To accurately simulate the nonlinear elasto-

plastic behavior of loose sand and the granular 

cushion, they are represented using the Hardening 

Soil (HS) model. This model incorporates a stress-

dependent soil stiffness, which is enhanced by cycles 

of loading, unloading, and reloading [33]. On the 

other hand, the raft and concrete piles are 

represented using the Linear Elastic (LE) model, 

considering that they stay within an elastic state as a 

result of their significantly higher stiffness relative to 

the surrounding soil. In this research, both the raft 

and the piles are simulated using volume elements to 

improve the accuracy of the soil-structure interaction 

simulation. The properties of the soil, cushion, raft, 

and piles used in the FE analysis are provided in 

Table (1). The geotechnical properties of the loose 

sand and the cushion are derived from [34]. 

 
Fig. 2. A schematic section of the geometry for the FE 

model of the DPR system. 

To model the interaction among the structural 

elements and the adjacent soil, interface elements are 

used to capture their relative movement. These 

interface elements are considered to have zero 

thickness, and their shear strength characterized by 

the interface reduction factor (𝑅𝑖𝑛𝑡𝑒𝑟). This factor 

expresses the interface strength as a proportion of the 

surrounding soil's shear strength. In the present 

research, 𝑅𝑖𝑛𝑡𝑒𝑟  is taken as o.67 for sandy soil, as 

proposed by [35]. 

To improve the accuracy of the results, a very 

fine meshing scheme is chosen for the entire model. 

Moreover, local refinement is implemented near the 

structure elements where significant stress or 

deformation is expected.  

The DPR system construction process is 

simulated by dividing the numerical calculations 

into three distinct stages. In the initial stage, the 

geostatic stresses are computed through the K0-

procedure as the soil volume is activated. The second 

stage involves the construction of the piles, cushion, 

raft, and interfaces. In the final stage, the load is 

imposed on the raft's top surface. 

https://jctae.journals.ekb.eg/
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Fig. 3. One- quarter of the 3D FE model of DPR system. 

 

Table 1. Material properties used in the FE analysis . 

Material 
Soil  

(loose sand) 
Cushion 

Raft & 
piles 

Units 

Model HS HS LE - 
Drainage  

type 
Drained Drained 

Non-
porous 

- 

𝐷𝑟  30 80 - % 

𝜸𝐬𝐚𝐭, 𝜸𝐮𝐧𝐬𝐚𝐭 16.0 18.0 25.0 𝑘𝑁/𝑚3 

𝝂 0.2 0.2 0.15 - 
𝑬 - - 22.0 e6 𝑘𝑁/𝑚2 

𝑬𝒐𝒆𝒅 18000 48000 - 𝑘𝑁/𝑚2 
𝑬𝟓𝟎 18000 48000 - 𝑘𝑁/𝑚2 
𝑬𝒖𝒓 54000 144000 - 𝑘𝑁/𝑚2 
𝒎 0.60 0.50 - - 
𝒄 0.1 0.1 - 𝑘𝑁/𝑚2 
𝝋 30 38 - Degrees 
𝝍 0 8 - Degrees 
𝑹𝒇 0.96 0.90 - - 

𝑹𝒊𝒏𝒕𝒆𝒓 0.67 0.67 - - 

2.2. MODEL VALIDATION    

The results of the centrifuge tests in sandy soil 

conducted by [24] are employed to verify the present 

3D FE model. These centrifuge experiments were 

conducted on three different foundation systems, 

including the unpiled raft, PR foundation, and DPR 

foundation, at 50 g of centrifugal acceleration. 

In the prototype scale, for each test model, a 7.5 

m square rigid raft with a thickness of 2.0 m is used. 

For the DPR and PR systems, the raft is carried by 

nine piles with a 1.0 m diameter and 20 m length. 

These piles are arranged in a 3 × 3 square pattern, 

with uniform spacing of 2.5 m. In the DPR system, a 

gravel cushion with a thickness of 1.0 meter is placed 

beneath the raft. To achieve a settlement of 20 cm, 

concentrated vertical loads of 22 MN, 63 MN, and 73 

MN are applied on the raft's central for the unpiled 

raft (UR), DPR, and PR systems, respectively. The 

soil beneath the raft is sand of 50% relative density. 

In the scaled models, aluminum piles are 

utilized to mimic the performance of prestressed 

high-strength concrete (PHC) piles. The pile 

characteristics for the model and prototype scales are 

provided in Table (2). 

PLAXIS 3D is used to perform the FE analysis, 

maintaining the same material properties, geometry, 

and dimensions as those in the centrifuge tests. Table 

3 presents the material characteristics applied in the 

FE analysis. 

The comparison of load-settlement curves 

obtained from the current FE analyses with those 

from the centrifuge tests for UR, DPR, and PR is 

presented in Fig. 4. The results from the FE analysis 

demonstrate good consistency with the centrifuge 

test results. This validation supports the capability of 

the employed numerical model to examine the 

behavior of the DPR foundation on sandy soil. 

Table 2. Properties of pile model [24]. 

Testing 
model 

Pile 

Prototype Model at 50 g 

Material PHC Aluminum 

Diameter 1 m 20 mm 

Thickness - 2 mm 

Length 20 400 mm 

Axial 
rigidity 

2.16 × 10 10 N 7.98 × 10 6 N 

Flexural 
rigidity 

    1.35 × 10 9   N. m2 3.27 × 10 2   N. m2 

https://jctae.journals.ekb.eg/
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Table 3. Material properties used in the model validation. 

Parameter Sand 
Gravel 
cushion 

Raft 
and 
piles 

Units 

Material 
Model 

HS HS LE - 

Drainage 
type 

Drained Drained 
Non-

porous 
- 

𝜸𝐬𝐚𝐭, 
𝜸𝐮𝐧𝐬𝐚𝐭 

14.0 20.0 26.5 𝑘𝑁/𝑚3 

𝝂 0.2 0.2 0.2 - 
𝑬 - - 27.5 e6 𝑘𝑁/𝑚2 

𝑬𝒐𝒆𝒅 20000 80000 - 𝑘𝑁/𝑚2 
𝑬𝟓𝟎 20000 80000 - 𝑘𝑁/𝑚2 
𝑬𝒖𝒓 80000 240000 - 𝑘𝑁/𝑚2 
𝒎 0.65 0.50 - - 
𝒄 0.1 0.1 - 𝑘𝑁/𝑚2 
𝝋 34 38 - Degrees 
𝝍 4 8 - Degrees 

𝑹𝒊𝒏𝒕𝒆𝒓 0.67 0.67 - - 

2.3. PARAMETRIC STUDY 

3D FE analyses are performed to examine the 

behavior of DPR system founded on loose sand 

under uniform vertical loading. In the studied DPR 

foundation, a small number of disconnected floating 

piles are installed below the raft to reduce settlement 

within permissible limits. These disconnected 

floating piles primarily serve as settlement-reducing 

elements. The principal aim of the current parametric 

study is to investigate the impact of various 

parameters, incorporating cushion thickness, 

cushion modulus of elasticity, pile length, and pile 

diameter, on the behavior of the DPR foundation.  

 The DPR model used in the parametric study 

is presented in Fig. 5. It consists of a square rigid raft 

with dimensions of 11.5 m × 11.5 m × 1.5 m, 

supported by 16 disconnected floating piles 

distributed uniformly in a 4 × 4 grid arrangement, 

with constant spacing of 3.0 m. While the pile length 

(𝐿𝑝), pile diameter (𝑑𝑝), cushion thickness (ℎ𝑐), and 

the elastic modulus of the cushion (𝐸𝑐) are changed 

through the analyses. A uniform vertical load of 200 

kPa is applied to the raft, which represents the 

working load typically associated with multi-story 

buildings. The middle Pile is denoted by the 

abbreviation MP, as shown in Fig. 5. 

Table 4 provides a summary of the DPR 

models used in the parametric study and the 

analyzed parameters. During the parametric study, 

just a single parameter is varied individually, while 

the remaining parameters are held constant at their 

reference values. 

3. RESULTS AND DISCUSSION 

In this section, the findings from the 

parametric study are introduced and discussed, 

addressing the load–settlement performance of the 

DPR foundation, the load distribution among the 

piles and the raft, and the piles' axial load and 

bending moment. 

 
Fig. 4. Comparison of load settlement behavior of the present study with the reported results [24]. 
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Table 4. Summary of studied DPR models in the parametric study. 

Parametric 

study 

Raft Cushion Floating pile group 

𝑩𝒓 × 𝑳𝒓 ×  𝒕𝒓 

(m) 

𝒉𝒄 

(m) 

𝑬𝒄 

(MPa) 
𝒏𝒑 

𝑺 

(m) 

𝒅𝒑 

(m) 

𝑳𝒑 

(m) 

Cushion 

thickness 

11.5×11.5× 1.5 

 

0.0 

0.25 

0.50 

0.75 

1.00 

1.25 

1.50 

1.75 

48 4×4 3.0 0.5 17.5 

Cushion 

modulus of 

elasticity 

11.5×11.5× 1.5 

 
0.5 

18 

30 

48 

120 

22000 

4×4 3.0 0.5 17.5 

Pile length 
11.5×11.5× 1.5 

 
0.5 48 4×4 3.0 0.5 

5.75 (0.5 𝐵𝑟) 

8.625 (0.75 𝐵𝑟) 

11.50 (𝐵𝑟) 

17.50 (1.52 𝐵𝑟) 

23.00 (2.0 𝐵𝑟) 

28.75 (2.5 𝐵𝑟) 

Pile diameter 
11.5×11.5× 1.5 

 
0.5 48 4×4 3.0 

0.3 

0.4 

0.5 

0.6 

17.5 

𝐵𝑟 : raft width, 𝐿𝑟: raft length, 𝑡𝑟: raft thickness, 

ℎ𝑐: cushion thickness, 𝐸𝑐: cushion modulus of elasiticty, 𝑛𝑝: number of piles, 

𝑆: pile spacing, 𝑑𝑝: pile diameter, 𝐿𝑝: pile length, 

 

 
Fig. 5. Schematic diagram of the DPR model used in 

the parametric study. 

3.1. INFLUENCE OF CUSHION THICKNESS ON DPR 

FOUNDATION 

Numerical simulations are conducted for a 

square rigid raft with dimensions of 11.5 m × 11.5 m 

× 1.5 m supported on 16 disconnected floating piles 

with pile spacing of 6 𝑑𝑝. Each pile has a diameter 

(𝑑𝑝) of 0.5 m, and its length (𝐿𝑝) is 17.5 m. The cushion 

layer has an elastic modulus (𝐸𝑐) of 48 MPa. The 

cushion thickness (ℎ𝑐) is varied from 0.25 to 1.75 m. 

3.1.1.  LOAD-SETTLEMENT BEHAVIOR  

Fig. 6 depicts the load–settlement curves of the 

unpiled raft (UR), PR (corresponding to ℎ𝑐= 0), and 

DPR with different cushion thicknesses under a 

uniform vertical load of 200 kPa. For all the studied 

cases, the settlement was measured at the raft's 

center. It is observed that under the maximum 

applied load, the raft's settlement is significantly 

reduced to an allowable value for all the studied PR 

and DPR foundations. 

https://jctae.journals.ekb.eg/
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Fig. 6. Load–settlement curves for UR and DPR with different cushion thickness. 

However, the maximum settlements of the 

different DPR are higher than those of the PR. 

Furthermore, it is evident that the settlement of the 

DPR system increases as h𝑐  increases. This occurs 

because the increase in cushion thickness results in 

less load being transmitted to the piles and more load 

to the topsoil, thereby increasing the settlement of the 

DPR foundation. These results align with the 

findings reported in [30]. 

The effectiveness of PR and DPR systems in 

minimizing raft settlement can be assessed through a 

dimensionless parameter known as the settlement 

efficiency (𝜂) [25], as defined by 𝐸𝑞.  1. In this context, 

  𝑤𝑟
𝑢𝑝 represents the settlement of the raft without 

piles, while 𝑤𝑟 refers to the settlement with piles, 

whether connected or disconnected, under the same 

applied load. 

𝜂 =
𝑤𝑟

𝑢𝑝 − 𝑤𝑟  

𝑤𝑟
𝑢𝑝

                                  (1) 

The (𝜂) at the maximum load is graphed versus 

the thickness of the cushion in Fig. 7. It is evident that 

settlement efficiency decreases as the h𝑐  increases. 

Increasing the h𝑐 from 0.0 to 0.75 m leads to 12.9 % 

reduction in the (η). Further increases in h𝑐, from 0.75 

m to 1.75 m, result in a slower rate of decline, with 

the (𝜂) decreasing by only 8.5%. This indicates that h𝑐 

beyond 0.75 m has a diminishing impact on 

settlement efficiency, and its effectiveness appears to 

be minimal. 

3.1.2.  LOAD SHARING BEHAVIOR  

In both DPR and PR systems, the applied load 

is distributed among the piles and the raft. The 

proportion of the load shared by the raft and the piles 

is typically presented as ratios of the overall imposed  

 

 
Fig. 7. Influence of cushion thickness on the settlement 

efficiency of DPR at a load of 200 kPa. 

load on the foundation system. According to the 

findings from the FE simulations, the load supported 

by the piles is computed by dividing the total load of 

the pile tops by the overall applied load. Then, to 

determine the load transmitted to the raft, the load 

supported by the piles is subtracted from 1. 

Fig. 8 depicts the variation in the load 

distribution among the raft and the piles with the ℎ𝑐 

at a load of 200 kPa. It is noted that the load 

supported by the piles reduces, whereas the load 

carried by the raft increases as the ℎ𝑐 increases. This 

is because the increased cushion thickness reduces 

stress concentration at the pile heads, resulting in a 

more uniform stress distribution and thereby a 

reduction in the load supported by the piles, this 

behavior matches the results described in [31]. 

It is noted that in the case of the PR system, the 

piles carry 67.4% of the total applied load, while the 

raft shares 32.6%. In contrast, for the DPR 

https://jctae.journals.ekb.eg/
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foundation, the load supported by the piles reduces 

sharply from 67.4% to 37.1% as the ℎ𝑐  increases from 

0.0 to 0.5 m. This decrease then becomes more 

gradual, with the load shared by the piles reducing 

from 37.1% to 26.3% as ℎ𝑐  increases from 0.5 to 1.0 m. 

For the ℎ𝑐  values greater than 1.0 m, a minor 

reduction in the load transferred to the piles (P %) is 

observed. This implies that increasing cushion 

thickness beyond 1.0 m has a limited influence on the 

load sharing mechanism within the studied DPR 

foundation.  

 
Fig. 8. Influence of cushion thickness on the load 

sharing of DPR at a load of 200 kPa. 

3.1.3. AXIAL LOAD DISTRIBUTION ALONG THE PILE 

Fig. 9 illustrates the influence of ℎ𝑐 on the axial 

load distribution through the depth of the middle 

pile within the DPR foundation. It is noted that for 

the PR case (i. e. , hc= 0), the highest axial load in the 

pile is located at its top and subsequently gradually 

reduces as the depth of the pile increases. This 

pattern is a result of the positive skin friction 

generated along the entire pile shaft; this distribution 

aligns with the observation in Fig. 1a.  On the other 

hand, for the DPR system with any value of hc, the 

peak axial load on the pile is not located at the top 

but at some depth beneath the top of the pile, where 

the neutral plane is situated. This occurs because 

negative skin friction is mobilized across the pile 

above the neutral plane; this behaviour is similar to 

that observed in Fig. 1b. 

Additionally, it is observed that as the ℎ𝑐 

increases, both the pile load at its head (𝑁ℎ𝑒𝑎𝑑) and 

the maximum pile load at the neutral plane (𝑁𝑚𝑎𝑥) 

decrease; a similar observation is reported in [22] 

Moreover, the axial load at the pile tip remains 

constant at 253 kN, regardless of the cushion 

thickness.  

  

Fig. 9 further indicates that the neutral plane is 

situated at the pile top for the PR system, while for 

the DPR foundation, the neutral plane shifts 

downward as the hc increases. The depth of the 

neutral plane, measured from the ground surface 

(𝑍𝑛𝑝), can be normalized by the pile length (𝐿𝑝) to 

obtain the depth ratio of the neutral plane, 𝑍𝑛𝑝/𝐿𝑝.  

Fig. 10 shows the influence of ℎ𝑐 on the 𝑍𝑛𝑝/𝐿𝑝 ratio. 

It is clear that as ℎ𝑐 increases from 0.0 m to 0.75 m, the 

neutral plane moves downward to a position at 43% 

of the pile length. After ℎ𝑐 exceeds 0.75 m, the further 

downward movement of the neutral plane becomes 

limited.   

 
Fig. 9. Influence of cushion thickness on axial load 

distribution along the middle pile. 

 
Fig. 10. Influence of cushion thickness on the depth of 

the neutral plane for the middle pile. 
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The reduction in axial load through the pile, 

both at the pile head and at the neutral plane, as the 

cushion thickness increases, could be quantified 

using two dimensionless parameters. The first 

parameter (𝑁𝑅ℎ𝑒𝑎𝑑  ) referred to as the normal force 

ratio at the pile head, is the ratio of the axial load at 

the pile head in case of DPR foundation to that in PR 

system. The second parameter (𝑁𝑅𝑛𝑝), called the 

maximum normal force ratio, represents the ratio of 

the maximum axial load in case of DPR system to that 

in PR system. The influence of ℎ𝑐 on the two normal 

force ratios, 𝑁𝑅ℎ𝑒𝑎𝑑  and 𝑁𝑅𝑛𝑝 for the middle pile is 

presented in Fig. 11. It is apparent that, as ℎ𝑐  

increases from 0 to 0.5 m, there is a significant 

decrease in both the axial load at the pile head and 

the maximum axial load on the pile (with a 52% 

reduction at the pile head and a 28% drop in the 

maximum axial load). However, when the ℎ𝑐 exceeds 

0.5 m, the reduction in both normal force ratios 

becomes minimal. 

 
Fig. 11. Influence of cushion thickness on normal force 

ratios for the middle pile . 

3.1.4.  BENDING MOMENT DISTRIBUTION ALONG 

THE PILE 

Fig. 12 demonstrates the impact of ℎ𝑐 on the 

bending moment distribution across the middle pile 

in the DPR system. For the case of ℎ𝑐 = 0.0 (PR 

system), the highest bending moment takes place at 

the pile top because the piles and the raft are rigidly 

connected, while the moment decreases to nearly 

zero at the pile tip. However, for the DPR foundation, 

regardless of the value of ℎ𝑐, the bending moment is 

almost zero at both pile ends, and the highest 

bending moment occurs at some depth beneath the 

top of the pile, with a lower value compared to that 

in the PR foundation; this moment distribution is 

consistent with that reported by [20]. 

The decrease in bending moment across the 

pile length as the ℎ𝑐 increases could be captured by 

two dimensionless parameters. The first parameter, 

(𝑀𝑅ℎ𝑒𝑎𝑑), referred to as the bending moment ratio at 

the pile head, is the ratio of the bending moment at 

the pile head in case of DPR foundation to that in PR 

system.  The second parameter, (𝑀𝑅𝑚𝑎𝑥), called the 

maximum bending moment ratio, compares the 

highest bending moment in the DPR to that in the PR. 

 
Fig. 12. Influence of cushion thickness on bending 

moment distribution along the middle pile.  

Fig. 13 presents the impact of ℎ𝑐 on the two 

bending moment ratios, 𝑀𝑅ℎ𝑒𝑎𝑑  and 𝑀𝑅𝑚𝑎𝑥, for the 

middle pile in the DPR system. The bending moment 

at the pile top reduces by 95% as the ℎ𝑐 rises from 0.0 

m (PR case) to 0.25 m. When the ℎ𝑐  further increases 

to 0.5 m, the bending moment at the pile top becomes 

nearly zero and remains constant at this values for all 

higher cushion thicknesses. However, the maximum 

bending moment reduces by 73% as the ℎ𝑐 rises from 

0.0 m (PR case) to 0.25 m. Once the cushion thickness 

reaches 0.5 m, the maximum bending moment 

stabilizes with a reduction of 80% relative to the PR 

system. 

 
Fig. 13. Influence of cushion thickness on bending 

moment ratios (𝑀𝑅) for the middle pile. 
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The findings indicate that increasing the 

cushion thickness causes a decrease in both the axial 

load and bending moments generated in the piles (as 

illustrated in Figs. 9, 12). However, this increase in 

thickness also results in a higher settlement of the 

DPR system (as shown in Figs. 6, 7). Consequently, 

selecting the appropriate cushion thickness for a cost-

effective DPR system should involve careful 

engineering assessment, aiming for an ideal balance 

between these factors. 

According to the results of this section, it is 

recommended that, for optimal performance of the 

DPR system, the cushion thickness should be 

between 0.5 m and 1.0 m. In the following sections, a 

cushion thickness of 0.50 m is selected. 

3.2. INFLUENCE OF CUSHION ELASTIC MODULUS 

ON DPR FOUNDATION 

Numerical analyses are performed for a square 

rigid raft of 11.5 m × 11.5 m × 1.5 m, supported by 16 

disconnected floating piles. The piles are arranged 

with a spacing of 6 times their diameter, with each 

pile having a diameter (𝑑𝑝) of 0.5 m and a length (𝐿𝑝) 

of 17.5 m. The cushion layer has a thickness (ℎ𝑐) of 0.5 

m. The influence of the cushion elastic modulus on 

the performance of the DPR is examined by changing 

the Young’s modulus of the cushion (𝐸𝑐) within a 

range from 18 MPa (representing the subsoil 

material) to 22,000 MPa (representing concrete 

material). 

3.2.1.  LOAD-SETTLEMENT BEHAVIOR  

Fig. 14 shows the load–settlement curves of the 

unpiled raft (UR), PR, and DPR with different values 

of the cushion elastic modulus (𝐸𝑐) under the same 

uniformly distributed vertical load of 200 kPa. It is 

clear that under the maximum applied load, the 

settlement of the raft is considerably reduced to a 

tolerable level for all the PR and DPR foundations 

considered. Additionally, the maximum settlement 

of the DPR system decreases as 𝐸𝑐 increases. This 

indicates that higher values of the cushion elastic 

modulus result in a greater load transmitted to the 

piles and a lower load transmitted to the topsoil, 

thereby minimizing the settlement of the DPR 

foundation; this behavior matches the finding 

reported in [18]. Furthermore, the load–settlement 

curve of DPR with 𝐸𝑐 of 22,000 MPa coincides with 

that of the PR system.   

Fig. 15 illustrates the impact of 𝐸𝑐 on 

settlement efficiency (𝜂) at the maximum applied 

load. It is evident that the 𝜂 rises with the increase of 

cushion elastic modulus. Increasing 𝐸𝑐 from 18 MPa 

(representing loose sand) to 48 MPa (typical of dense 

sand) leads to an increase in settlement efficiency (𝜂) 

by 18.9 %. However, further increases in cushion 

elastic modulus, from 48 MPa (dense sand) to 22,000 

MPa (similar to concrete), result in a significantly 

slower rate of improvement, with only a 7.3 % 

increase in settlement efficiency. This suggests 

beyond 48 MPa, further increases in the cushion 

elastic modulus have a diminishing impact on 

settlement efficiency, and its effectiveness appears to 

be minimal. Therefore, dense sand is recommended 

as a more suitable and cost-effective material for 

managing settlements of the studied DPR 

foundation.

 
Fig. 14. Load–settlement curves of the UR, PR, and DPR with different values of the cushion elastic modulus.  
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Fig. 15. Influence of cushion elastic modulus (𝐸𝑐  ) on the 

settlement efficiency of DPR at a load of 200 kPa. 

3.2.2.  LOAD SHARING BEHAVIOR  

Fig. 16 shows the variation in the load 

distribution among the raft and the piles with respect 

to the cushion elastic modulus at load level 200 kPa. 

The results indicate that as 𝐸𝑐 increases, the load 

transmitted to the piles rises, whereas the load 

transferred to the raft reduces. It is observed that, 

when a soil cushion with a low elastic modulus is 

used, the raft supports the main part of the total load. 

For example, for a cushion with 𝐸𝑐 of 18 MPa, the 

piles carry only 19.6% of the total applied load, while 

the raft shares 80.6%. In contrast, when using a 

concrete cushion with a high elastic modulus, the 

piles support a higher proportion of the load, (i.e., for 

cushion with 𝐸𝑐 of 22,000 MPa, piles carry 64.6% of 

the total load, while the raft shares 35.4%).  

 
Fig. 16. Influence of cushion elastic modulus (𝐸𝑐  ) on the 

load sharing of DPR at a load of 200 kPa. 

3.2.3.  AXIAL LOAD DISTRIBUTION ALONG THE PILE 

Fig. 17 illustrates the influence of 𝐸𝑐 on the 

axial load distribution across the depth of the middle 

pile in the DPR foundation. For the case of DPR, 

when using a concrete cushion with an elastic 

modulus of 22,000 MPa, the axial load distribution 

across the depth of the disconnected pile is consistent 

with that of the connected pile in the PR system, i.e., 

the maximum axial load takes place at the pile top 

and then gradually decreases towards the pile tip. 

In contrast, for cases in which the 𝐸𝑐 values 

represent soil conditions, the position of the highest 

axial load is moved downward to the position of the 

neutral plane. Additionally, it is observed that both 

the axial load at the pile head (𝑁ℎ𝑒𝑎𝑑) and the 

maximum axial load at the neutral plane (𝑁𝑚𝑎𝑥) 

increase as 𝐸𝑐 increases. Moreover, the axial load at 

the pile tip remains almost constant at 260 kN, 

regardless of the cushion elastic modulus, meaning 

that the elastic modulus of the cushion has minimal 

impact on axial load at the pile tip.  

 
Fig. 17. Influence of cushion elastic modulus (𝐸𝑐  ) on 

axial load distribution along the middle pile. 

The influence of 𝐸𝑐  on the depth ratio of the 

neutral plane (𝑍𝑛𝑝/𝐿𝑝) is presented in Fig. 18. It is 

observed that for the DPR system with a concrete 

cushion having an 𝐸𝑐 of 22,000 MPa, the neutral 

plane is positioned at the pile head, directly beneath 

the cushion. In contrast, for lower values of 𝐸𝑐, the 

neutral plane tends to move downwards (e.g., the 

𝑍𝑛𝑝/𝐿𝑝 ratios are 0.24, 0.38, and 0.49 for 𝐸𝑐 values of 

120, 48, and 18 MPa, respectively). 

The impact of 𝐸𝑐 on the two normal force 

ratios, 𝑁𝑅ℎ𝑒𝑎𝑑 and 𝑁𝑅𝑛𝑝 for the middle pile is 

depicted in Fig. 19. It is evident that for the DPR 

system with a concrete cushion having an 𝐸𝑐 of 

22,000 MPa, there is no reduction in the axial force at 

the pile top with respect to the PR foundation. This 

suggests that concrete is ineffective as a cushion 
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material, as it does not contribute to optimizing the 

stress distribution between the piles and subsoil. On 

the other hand, for lower values of 𝐸𝑐, within the 

range of typical soil materials, there is a significant 

decrease in both the axial force at the pile top and the 

peak axial force on the pile as 𝐸𝑐 decreases (e.g., as 𝐸𝑐 

reduces from 22,000  MPa to 18 MPa, 𝑁𝑅ℎ𝑒𝑎𝑑  drops 

from 1 to 0.25, and 𝑁𝑅𝑛𝑝 reduces from 1 to 0.63).  

 
Fig. 18.  Influence of cushion elastic modulus (𝐸𝑐  ) on 

the depth of the neutral plane for the middle pile.  

 
Fig. 19. Influence of cushion elastic modulus (𝐸𝑐  ) on 

normal force ratios for the middle pile. 

3.2.4. BENDING MOMENT DISTRIBUTION ALONG 

THE PILE 

Fig. 20 illustrates the influence of the 𝐸𝑐  on the 

bending moment distribution across the depth of the 

middle pile in the DPR foundation. It is evident that 

when the DPR system includes a concrete cushion 

with an 𝐸𝑐 of 22,000 MPa, the bending moment 

profile across the depth of the disconnected pile 

closely resembles that of the connected pile in the PR 

system. In both cases, the highest bending moment 

occurs at the pile top, with only slight differences in 

magnitude between the two systems, while the 

moment approaches zero at the pile tip. Conversely, 

for lower values of 𝐸𝑐, which are typical for soil 

materials, the bending moment is nearly zero at both 

ends of the pile, with the peak bending moment 

occurring at a depth beneath the pile top, and its 

magnitude is lower compared to that in the PR 

foundation.  

 
Fig. 20.  Influence of cushion elastic modulus (𝐸𝑐  ) on 

bending moment distribution along the middle pile.  

Fig. 21 shows the variation in the bending 

moment ratios (𝑀𝑅) versus the cushion elastic 

modulus (𝐸𝑐). It is noticed that 𝑀𝑅ℎ𝑒𝑎𝑑 experiences a 

sharp decrease from 0.93 to 0.01 as 𝐸𝑐 reduces from 

22,000 MPa to 120 MPa, after which it remains almost 

constant at 0.01 for lower values of 𝐸𝑐. On the other 

hand, 𝑀𝑅𝑚𝑎𝑥 shows a rapid decrease from 0.93 to 

0.32 as 𝐸𝑐 reduces from 22,000 MPa to 120 MPa, 

followed by a slower reduction from 0.32 to 0.20 as 

𝐸𝑐 decreases further from 120 MPa to 48 MPa, and 

finally, it stabilizes at 0.19 for the lower values of 𝐸𝑐. 

According to the findings in this section, a 

cushion with an elastic modulus of 48 MPa is 

suggested to achieve the best performance in the 

studied DPR system. 

 
Fig. 21.  Influence of cushion elastic modulus (𝐸𝑐  ) on 

bending moment ratios (𝑀𝑅) for the middle pile.  
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3.3.  INFLUENCE OF PILE LENGTH ON DPR 

FOUNDATION 

Numerical simulations are performed for a 

square rigid raft of 11.5 m × 11.5 m × 1.5 m supported 

on 16 disconnected floating piles with pile spacing of 

6 𝑑𝑝. All piles have a diameter (𝑑𝑝) of 0.5 m. The 

cushion layer has a thickness (ℎ𝑐) of 0.5 m and a 

Young’s modulus (𝐸𝑐) of 48 MPa. The effect of the 

length of the pile, represented as a percentage of the 

width of the raft, 𝐿𝑝/𝐵𝑟 , on the behavior of the DPR 

is investigated by varying the 𝐿𝑝/𝐵𝑟 ratio from 0.5 to 

2.5. 

3.3.1.  LOAD-SETTLEMENT BEHAVIOR  

Fig. 22 illustrates the load–settlement curves of 

the DPR for various values of 𝐿𝑝/𝐵𝑟  ratio. For 

comparison purposes, the load–settlement curve of 

the unpiled raft is provided as well. The findings 

indicate that as the 𝐿𝑝/𝐵𝑟  ratio rises, the settlement of 

the DPR system decreases. This is attributed to the 

increase in pile length, which leads to a greater 

contact surface area with the surrounding soil, 

resulting in enhanced skin friction, which, in turn, 

improves the load-bearing capacity of both the pile 

and the DPR system; this behavior is similar with the 

findings reported in [18]. However, it is noteworthy 

that the highest settlement exceeds the allowable 

limits for 𝐿𝑝/𝐵𝑟  ratios of 0.5, 0.75, and 1.  

The impact of the 𝐿𝑝/𝐵𝑟  ratio on settlement 

efficiency (𝜂) at the maximum applied load is shown 

in Fig. 23. It is apparent that increasing the 𝐿𝑝/𝐵𝑟  

ratio improves the settlement efficiency. Increasing 

the 𝐿𝑝/𝐵𝑟 ratio from 0.5 to 1 causes a 16.5% increase 

in 𝜂, but the settlement remains above the allowable 

limits. A more significant improvement is observed 

when the ratio is increased from 1 to 2, yielding a 

32.6% increase in 𝜂. However, further increases in the 

ratio, from 2 to 2.5, lead to a smaller gain in 

settlement efficiency, with only 3%. 

3.3.2.  LOAD SHARING BEHAVIOR  

Fig. 24 illustrates how the 𝐿𝑝/𝐵𝑟  ratio affects 

the load distribution among the raft and the piles at 

a load of 200 kPa for DPR system. The findings 

indicate that as the 𝐿𝑝/𝐵𝑟  ratio rises, the piles' load 

grows, and the load transferred to the raft reduces. 

This suggests that as the pile length increases, the pile 

experiences less settlement as it generates more skin 

friction, leading to a greater load being borne by the 

pile. But the impact of pile length on the load 

supported by the piles becomes less significant as the 

𝐿𝑝/𝐵𝑟  ratio exceeds 1.5. For instance, the piles' load 

rose by nearly 19% as the 𝐿𝑝/𝐵𝑟  ratio increased from 

0.5 to 1.5, while it increased by only about 7.6 % as 

the 𝐿𝑝/𝐵𝑟 ratio increased from 1.5 to 2.5. 

3.3.3.  AXIAL LOAD DISTRIBUTION ALONG THE PILE 

Fig. 25 demonstrates the effect of the 𝐿𝑝/𝐵𝑟  

ratio on the axial load distribution across the depth 

of the middle pile in the DPR foundation. The results 

show that as the 𝐿𝑝/𝐵𝑟  ratio increases, both the axial 

load at the pile head (𝑁ℎ𝑒𝑎𝑑) and the maximum axial 

pile load at the neutral plane (𝑁𝑚𝑎𝑥) also increase. 

Additionally, it is observed that the neutral plane 

moves downward with increasing the 𝐿𝑝/𝐵𝑟  ratio. 

 
Fig. 22.  Load–settlement curves of the UR, and DPR with different pile lengths.  
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Fig. 23.  Influence of pile length on settlement efficiency 

of DPR at a load of 200 kPa. 

 
Fig. 24.  Influence of pile length on the load sharing of 

DPR at a load of 200 kPa. 

 
Fig. 25.   Influence of pile length on axial load 

distribution along the middle pile. 

As shown in Fig. 26, 𝑁ℎ𝑒𝑎𝑑  increases by 61%, 

12.5%, 20.2%, and 8.4% as the 𝐿𝑝/𝐵𝑟  ratio increases 

from 0.5 to 1, from 1 to 1.5, from 1.5 to 2, from 2 to 

2.5, respectively. Meanwhile, 𝑁𝑚𝑎𝑥  increased by 61.9 

%, 35.7%, 22.8%, and 6.2% over the same intervals of 

the 𝐿𝑝/𝐵𝑟 ratio. It is evident that the impact of pile 

length on both 𝑁ℎ𝑒𝑎𝑑 and 𝑁𝑚𝑎𝑥  becomes less 

significant as the 𝐿𝑝/𝐵𝑟  ratio exceeds 2. 

 
Fig. 26. Influence of pile length on 𝑁ℎ𝑒𝑎𝑑  and 

𝑁𝑚𝑎𝑥  for the middle pile. 

3.3.4.  BENDING MOMENT DISTRIBUTION ALONG 

THE PILE 

The influence of the 𝐿𝑝/𝐵𝑟  ratio on the bending 

moment distribution across the length of the middle 

pile in the DPR system is illustrated in Fig. 27.  

It is noted that the bending moment is nearly 

zero at both ends of the pile, with the maximum 

bending moment occurring at some depth below the 

head of the pile, irrespective of the 𝐿𝑝/𝐵𝑟  ratio. 

Additionally, it is noticed that the maximum bending 

moment (𝑀𝑚𝑎𝑥) rises, as the 𝐿𝑝/𝐵𝑟  ratio grows. 

 
Fig. 27. Influence of pile length on bending moment 

distribution along the middle pile.  
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The influence of the 𝐿𝑝/𝐵𝑟  ratio on both the 

𝑀ℎ𝑒𝑎𝑑  and the 𝑀𝑚𝑎𝑥  is presented in Fig. 28. It is clear 

that the 𝐿𝑝/𝐵𝑟  ratio has a negligible impact on the 

𝑀ℎ𝑒𝑎𝑑 , which tends to stabilize at a value 

approaching zero. This is because of the cushion 

layer that separates the piles from the raft, so the pile 

head is only constrained by the confining stress of the 

adjacent soil, which is minimal near the ground 

surface. Conversely, the 𝑀𝑚𝑎𝑥  increases with the 

increases of the 𝐿𝑝/𝐵𝑟  ratio. A sharp rise in the 𝑀𝑚𝑎𝑥  

is observed when the 𝐿𝑝/𝐵𝑟  ratio surpasses 1.5, i.e., 

the 𝑀𝑚𝑎𝑥  increases by 60.1% as the 𝐿𝑝/𝐵𝑟  ratio rises 

from 1.5 to 2.5; this significant increase is likely due 

to the pile beginning to behave as a flexible long pile.  

To achieve optimal performance of the studied 

DPR system, a pile length, with an 𝐿𝑝/𝐵𝑟  ratio of 1.5, 

is recommended based on the findings in this section. 

 
Fig. 28. Influence of pile length on 𝑀ℎ𝑒𝑎𝑑  and 𝑀𝑚𝑎𝑥  for 

the middle pile. 

 

 

3.4. INFLUENCE OF PILE DIAMETER ON DPR 

FOUNDATION 

Numerical analyses are performed for a square 

rigid raft of 11.5 m × 11.5 m × 1.5 m supported on 16 

disconnected floating piles with constant pile 

spacing of 3.0 m. All piles have a length (𝐿𝑝) of 17.5 

m. The cushion layer has a thickness (ℎ𝑐) of 0.5 m and 

a Young’s modulus (𝐸𝑐) of 48 MPa. The impact of pile 

diameter (𝑑𝑝) on the performance of the DPR 

foundation is examined by changing (𝑑𝑝) from 0.3 m 

to 0.6 m. 

3.4.1.  LOAD-SETTLEMENT BEHAVIOR  

Fig. 29 illustrates the load–settlement curves of 

the DPR for various 𝑑𝑝 values. The load–settlement 

curve of the unpiled raft is also included for 

reference. It is noted that the raft settlement is 

significantly reduced to a tolerable level for all the 

considered DPR foundations. Furthermore, as 

expected, the settlement of the DPR foundation 

reduces as the 𝑑𝑝 increases. This results from the 

enhanced stiffness of the pile with an increase in its 

diameter, thereby improving the load-carrying 

capacity of both the pile and the DPR system; this 

behavior aligns with the findings presented in [22]. 

The effect of 𝑑𝑝 on settlement efficiency (𝜂) at 

the maximum applied load is presented in Fig. 30. It 

is evident that increasing 𝑑𝑝 enhances the settlement 

efficiency. The settlement efficiency increases by 

10.8%, 8.5%, and 7.8% as 𝑑𝑝 increases from 0.3 m to 

0.4 m, from 0.4 m to 0.5 m, and from 0.5 m to 0.6 m, 

respectively. 

 
Fig. 29. Load–settlement curves of the UR, and DPR with different pile diameters. 
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Fig. 30. Influence of pile diameter ( 𝑑𝑝) on settlement 

efficiency of DPR at a load of 200 kPa. 

3.4.2.  LOAD SHARING BEHAVIOR  

Fig. 31 illustrates how the load sharing 

between the raft and the piles changes with the pile 

diameter (𝑑𝑝) at a load of 200 kPa. The findings 

indicate that the load transferred to the piles rises, 

and the raft load reduces with the increase in the 𝑑𝑝. 

This is because increasing the pile diameter improves 

its stiffness, which results in a greater load being 

transmitted to the piles. For example, as the 𝑑𝑝 

increases from 0.30 m to 0.60 m, the load taken by the 

piles increases from 20.6 % to 46.7 %. 

 
Fig. 31.  Influence of pile diameter ( 𝑑𝑝) on the load 

sharing of DPR at a load of 200 kPa. 

3.4. 3. AXIAL LOAD DISTRIBUTION ALONG THE PILE 

Fig. 32 demonstrates the impact of 𝑑𝑝 on the 

axial load distribution across the depth of the middle 

pile in the DPR foundation. The results indicate that 

as the 𝑑𝑝 increases, both the 𝑁ℎ𝑒𝑎𝑑  and the 𝑁𝑚𝑎𝑥  

significantly increase. Additionally, the depth of the 

neutral plane beneath the pile head remains 

unchanged regardless of the increase in 𝑑𝑝. As shown 

in Fig. 33, 𝑁ℎ𝑒𝑎𝑑  increases by 47.6%, 20.2%, and 34.5% 

as 𝑑𝑝 increases from 0.3 m to 0.4 m, from 0.4 m to 0.5 

m, and from 0.5 m to 0.6 m, respectively. At the same 

time, 𝑁𝑚𝑎𝑥  increases by 40.4 %, 30.5%, and 18.2% over 

the same intervals of 𝑑𝑝. 

 
Fig. 32.  Influence of pile diameter on axial load 

distribution along the middle pile. 

 
Fig. 33. Influence of pile diameter ( 𝑑𝑝) on 𝑁ℎ𝑒𝑎𝑑  and 

𝑁𝑚𝑎𝑥  for the middle pile. 

3.4.4.  BENDING MOMENT DISTRIBUTION ALONG 

THE PILE 

Fig. 34 illustrates how the pile diameter 

influences the bending moment distribution across 

the depth of the middle pile in the DPR foundation. 

It is noted that the bending moment is almost 

negligible at both ends of the pile, with the peak 

bending moment developing at some depth below 

the pile top, independent of the value of 𝑑𝑝. 

Furthermore, the findings show that the 𝑀𝑚𝑎𝑥  

increases as the 𝑑𝑝 increases. The influence of 𝑑𝑝  on 

both the 𝑀ℎ𝑒𝑎𝑑  and the 𝑀𝑚𝑎𝑥  is presented in Fig. 35. 

It is evident that the 𝑑𝑝 has a negligible impact on the 

𝑀ℎ𝑒𝑎𝑑 , which remains nearly constant at a value near 

zero. This is because of the existence of the cushion 

layer that disconnects the piles from the raft. As a 
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result, the pile head is mainly restricted by the 

surrounding soil's confining pressure, which is low 

near the surface. In contrast, the 𝑀𝑚𝑎𝑥  increases with 

the increases of the 𝑑𝑝 (e.g., 𝑀𝑚𝑎𝑥  values of 1.77 

kN.m, 2.88 kN.m, 5.04 kN.m, and 8.57 kN.m are 

observed for 𝑑𝑝 values of 0.3 m, 0.4 m, 0.5 m, and 0.6 

m, respectively).   

 
Fig. 34.  Influence of pile diameter on bending moment 

distribution along the middle pile. 

 
Fig. 35.  Influence of pile diameter (dp) on Mhead and 

Mmax for the middle pile. 

4. CONCLUSIONS  

A comprehensive parametric study is carried 

out through the 3D FE method to examine the impact 

of various efficient factors on the response of the DPR 

foundation on loose sand under uniform vertical 

loads. The study explores the effects of the cushion 

thickness and elasticity modulus, along with the 

length and diameter of the pile on the load-carrying 

capacity of the DPR foundation, the distribution of 

loads among the piles and the raft, and the axial loads 

and bending moments induced in the floating 

disconnected piles. The following conclusions can be 

derived from the parametric study: 

1. The performance of the DPR foundation differs 

significantly from that of the PR foundation, as the 

granular cushion reduces the stress concentration 

at pile heads, resulting in a significant reduction in 

the load transmitted to the piles and more load 

supported by the shallow subsoil. Furthermore, the 

existence of the cushion greatly decreases both the 

axial stress and bending moments at the pile tops. 

The peak axial load on the disconnected pile is not 

situated at the top, but at some depth below the 

pile’s top, where the neutral plane exists. This 

results from the mobilization of negative skin 

friction across the pile shaft above the neutral 

plane, caused by the compressibility of the 

cushion. 

2. The granular cushion's thickness significantly 

influences the behavior of the DPR foundation. 

Increasing the granular cushion thickness results in 

less load being transmitted to the piles and more 

load to the topsoil, thereby increasing the 

settlement of the DPR system. However, this 

increase in cushion thickness also reduces both the 

axial load and bending moments generated in the 

floating disconnected piles. For optimal 

performance of the DPR foundation in the studied 

cases, the cushion thickness should be within the 

range of 0.5 m to 1.0 m. 

3. The elastic modulus of the cushion material, 𝐸𝑐, is 

a key factor influencing the behavior of the DPR 

system. 𝐸𝑐  values should be within the typical 

range of soil materials. A cushion with an 

excessively high 𝐸𝑐, such as concrete, proves 

ineffective in optimizing the stress distribution 

between the piles and the subsoil. In contrast, 

when the 𝐸𝑐  values correspond to typical soil 

conditions, increasing 𝐸𝑐  leads to an increase in the 

load transmitted to piles and a decrease in the load 

carried by the underlying soil, which in turn 

reduces the settlement of the DPR system. 

However, this increase in 𝐸𝑐  also causes higher 

axial loads and bending moments within the 

floating disconnected piles. A granular cushion of 

dense sand, with an elastic modulus of 48 MPa, is 

suggested to achieve the best performance in the 

studied DPR systems. 

4. Increasing the length of the floating disconnected 

piles leads to a higher load transmitted to the piles 

and a reduced load to the topsoil between them, 

which subsequently decreases the settlement of the 

DPR system. However, the maximum settlement 

remains above the allowable limits for 𝐿𝑝/𝐵𝑟  ratios 

up to 1. Furthermore, longer piles lead to increased 

axial loads and maximum bending moments 
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within the piles, which require additional 

precautions when using long piles in the DPR 

system. For optimal performance of the DPR 

systems analyzed, a floating pile with an 𝐿𝑝/𝐵𝑟  

ratio of 1.5 is recommended. 

5. Increasing the diameter of the floating 

disconnected piles improves the load-carrying 

capacity of the individual pile, thereby enhancing 

the performance of the entire DPR system. 

Furthermore, both the axial loads and the 

maximum bending moments within the piles 

increase as the pile diameter increases. 
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