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H I G H L I G H T S  
 

A B S T R A C T  
• The load sharing capability of the system 

was investigated using PLAXIS finite 
element analysis. 

• The impact of cushion thickness on 
settlement reductions was investigated.   

• The pile head has the greatest axial stress in 
the connecting piled raft system., and then 
decreases along the length.  

• The unconnected head's maximum axial 
load is transferred down to a point a certain 
distance below the pile head. 

• As the cushion layer thickness increases, the 
axial stress at the pile head decreases. 

 
Over the past few decades,  interest has grown about the role of the piled raft 
structure in soils. A structural fill cushion separates the piles from the raft in the 
form of an unconnected piled raft base (UCPRF). Given the advantage of this 
structure, the load is dispersed between the raft and the piles by the cushion. The 
cushion serves as a load redistributor between the raft and the piles. Load 
dispersion capability of the system was theoretically estimated using PLAXIS 
finite element analysis software in this study. The effect of cushion thickness on 
settlement reductions was investigated as well.  Obtained results showed that the 
pile head has the greatest axial stress in the piled raft system., however decreased 
along the length of the pile according to finite element analysis. The unconnected 
head's maximum axial load is transferred down to a point a certain distance 
below the pile head (approximately two meters in the studied model). Above the 
top two meters, the axial stress in the pile begins to decrease, following the same 
pattern as the connected system. The thickness of the cushion affects the load 
sharing between the cushion and the piles. As the cushion thickness increases, 
the axial stress at the pile head decreases. A R T I C L E  I N F O  
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1. Introduction 
Structural rafts are used for supporting structures and construction in general. If the shallow conditions of the subsoil 

(unsafe loading or unstable settlements) are unfavorable, then the piles are used to redistribute the entire load to more suitable 
soil layers. Settlements, both total and individual, are usually deciding factors in the selection of piled raft foundations. The 
three load-bearing components of the piled raft base are piles, raft, and subsoil. The total load transferred from the building to 
the soil surface and connected piles are distributed by the raft according to their relative stiffness. Traditionally, the piles were 
assumed to support the overall load in the design of piled foundations. The contribution of the raft is taken into account in piled 
raft foundation systems to verify the ultimate bearing capacity and usability of the overall system. Burland et al. [1] were the 
first to suggest the use of piles to lower raft settlement by placing one pile under each column of a construction. Using a finite 
element approach, Zhuang and Lee [2] investigated load-carrying between the piles and the raft. In a piled raft system, they 
found that pile stiffness, raft rigidity, and pile length to width ratio all had an impact on load sharing around piles. 

After years of completing the construction of any building over the base, the settlement of the piled raft can be measured. 
Fattah et al. [3] investigated the consolidation settlement of piled rafts over clayey soils using the finite element technique, 
detecting the dissipation of excess pore water pressure and its effect on the bearing capacity of piled raft foundations. The 
settlement of the stacked raft can be computed even after years of completing the construction of any building over the 
foundation. Furthermore, the finite element method was used to calculate the consolidation settlement of piled rafts over clayey 
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soils and to detect the dissipation of excess pore water pressure and its effect on piled raft foundation bearing capability.  The 
settlement beneath the piled raft base caused by the dissipation of excess pore water pressure was discovered to have a 
significant impact on the foundation's final settlement, and sufficient attention should be paid to settlement variance over time. 
The number of piles in a group determines the average load borne by each. The pile groups (2x1, 3x1, 2x2, 3x2, and 3x3) were 
found to hold around 24%, 32%, 42%, 58%, and 79 percent of the total vertical load, respectively. With the raft thickness, the 
load distribution between piles becomes more uniform.  

Fattah et al. [4] found from finite element analysis that the distribution of load between piles becomes more uniform with 
the increase of raft thickness. For an unpiled raft with high stiffness, the pile may share the same amount of load. Increasing 
the pile diameter leads to decreasing the pore water pressure under the raft, reducing the settlement of the raft and changing the 
shape of moment distribution in the raft as well as increasing the pile's share of the load. Spacing between piles affects directly 
the pile-soil interaction.  

In a conventional pile–raft system, the piles are attached to the raft and extend down into competent soil at depth. In a 
conventional pile–raft system, the piles are connected to the raft and extend into competent soil at depths. While these piles are 
effective at reducing raft settling, they can cause substantial shear forces and bending moments, which could undermine the 
raft's structural design.  Cao et al. [5] and Wong et al. [6] proposed that the piles be separated from the raft and treated as 
subsoil enhancement rather than structural components to avoid problems with high stresses in the piles and raft. A cushion of 
structural fill material may also be used to fill the gap between the raft and the disconnected piles. Also, they proposed that the 
piles be separated from the raft and treated as subsoil reinforcement rather than structural members to solve problems with high 
stresses in the piles and raft. A cushion of structural fill material may also be used to fill the gap between the raft and the 
unconnected piles. The cushion, which is made up of a sand-gravel mixture compressed in the layer between the raft and head 
of piles, according to Liang et al. [7], plays an important role in organizing the bearing capacity of the subsoil and changing the 
load transfer mechanisms of piles. Since then, it has been described by many authors, [8,9,10].   According to reference [9], in 
sandy soil, the behavior of a disconnected piled raft foundation was investigated using a numerical model and 3D Finite 
Element analysis via ABAQUS software. The effect of cushion thickness and stiffness, pile length, foundation soil stiffness, 
and bearing soil stiffness on the performance of the unconnected piled raft was investigated in this report. The results of this 
study revealed that when the cushion thickness and stiffness are increased, the foundation system's settlement is reduced 
further. Karim et al. [11] found that the percentage of the load carried by piles to the total applied load of the numerical model 
for case sixteen piles with raft is around 42%. The contribution to carry the load of piles relative to the total load is decrease 
with the increase of the spacing to diameter ratio. The percentage of the load carrying for piled raft for the case of two piles 
with raft only decreases about 23% when the spacing between piles increases from 3 to 10 times pile diameters. Alhassani et 
al. [12] carried out numerical analysis to investigate the effect of thickness and stiffness of the cushion, pile length, stiffness of 
foundation soil, and stiffness of bearing soil on the performance of the unconnected piled raft. The results indicated that when 
unconnected piles are used, the axial stress along the pile is significantly reduced e.g. the axial stress at the head of the 
unconnected pile is decreased by 37.8% compared with that related to the connected pile.  It was also found that the stiffness 
and thickness of the cushion and stiffness of foundation soil have a considerable role in the reduction of the settlement. 

The objective of the present study is to investigate the effect of compacted granular cushion above the pile group in load 
transfer and distribution of stresses in unconnected piled raft foundations embedded in clayey soil. 

2. Methodology and model 
A three-dimensional finite element commercial program (PLAXIS) is used in the analysis. The reference model for this 

parametric analysis is made up of the following components:  
• Raft (12*12) m, 0.8 depth. 
• A (6 x 6) piles group of 0.5 m in diameter and 12 m in length, spaced at 2 m (4D). 
•  Cushion layer of a thickness (1) m. 
• Uniform surcharge load applied on the rafts of 100 kPa. 
PLAXIS 3D has the benefit of allowing to examine a quarter of the piled raft base. This benefit was considered, and only 

one-fourth of the geometry was used to simulate the piled raft  .To minimize the influence of the boundaries on the foundation 
displacement, the domain of the soil continuum used in this study is extended to a wide distance. The soil mass is 20 meters 
long (in the x-direction), 20 meters wide (in the y-direction), and 20 meters tall (in the z-direction). 

 Table 1 summarizes the soil characteristics. Rafts and piles are modelled as elastic materials in the study. A soft soil 
model is used to simulate the soil's nonlinear behavior. As a distributed load, a vertical pressure of 100 kPa is applied to the 
raft. The cushion, which is made up of layers of coarse-grained material, is schematically represented in Fig. 1. The 
unconnected structure, which includes the raft, soil, and piles, is visualized in Fig 2.  
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Figure 1: iFnite element mesh of the unconnected piled raft foundation 

 
Figure 2: One-fourth of the reference piled raft system 

Table 1: The parameters of the soil and piled raft used in the analysis. 

  ** = assumed. 

A cushion of compacted structural fill material fills the void between the raft and the piles. Under the raft, the cushion is 
used to redistribute vertical stresses between the piles and the surrounding soil. The analysis is carried out for a 0.8 m thick 
square raft with an area of 144 m2 supported on 36 unconnected piles spaced at 3.3 d, each pile being 0.5 m in diameter and 12 

 Foundation soil (clay) Subbase (Cushion) Concrete  
(Piles and raft) 

Model Soft soil Mohr-Coulomb Linear elastic 
Unit weight 
𝜸𝜸 (kN/m3) 17.1 22.06 24** 

Modulus of elasticity 
E' (kN/m2) ----- 120000 37000000** 

Angle of friction 
𝝓𝝓' (°) 1 40 ----- 

Dilatancy angle 𝝍𝝍 (°) ----- 10 ----- 
Poisson's ratio ----- 0.35 0.2 
λ∗ 0.135 ------ ----- 
κ∗ 0.0123 ------ ----- 
c' (kPa) 15 ------ ----- 
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m in length, to compare the two cases of connected and unconnected structures. The cushion has a modulus of 120 MPa and a 
thickness of 0.5 m.  

3. Results and discussion 
The total settlement of a disconnected pile raft foundation, relative settlement of the raft foundation, axial load via the pile 

length, and pile load ratio are the most major steps of this study (αPR). A parameter used in the design of the piled raft base is 
the load sharing between the pile and the raft. The pile load ratio (αPR); 

𝛼𝛼𝛼𝛼𝛼𝛼 = 𝛴𝛴𝛼𝛼𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴/𝛼𝛼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝛴𝛴  (1) 

where 𝛴𝛴Ppile is the sum of loads at pile head and Ptotal is the total applied loads. The load distribution between the piles 
and the raft is defined by this parameter. 

3.1 The general effect of cushion 
The settlements of connected and unconnected piled raft systems are shown in Figure( 3). When compared to the 

traditional pile group model, the maximum settlement of the linked piled raft has decreased by 37%, while the maximum 
settlement of the unconnected piled raft has decreased by 45 percent. 

Figure (4) presents the displacement of soil around piles and rafts. Figure (5) depicts the relationship between axial pile 
stress and pile length for connected and unconnected systems. The axial stress along the pile length in the unconnected system 
is smaller than that in the connected system, as shown in the figure. In the connected system, the maximum axial stress occurs 
at the pile head and then reduces along the length of the pile. The maximum axial stress in the unconnected system is moved 
downwards to a length beyond the pile head (approximately two meters in the studied model). The load shared by the cushion 
allows the axial load in the top two meters of the pile head to reduce. The cushion's vertical load is then progressively shifted 
back to the lower sections of the pile by skin resistance. Similar to the well-known down drag phenomenon, the vertical load is 
transferred from the cushion to the pile. The axial load in the pile started to decline above the top two meters, following the 
same pattern as the connected system. Sharma et al. [10] defined a load transfer behavior for an unconnected piled raft system 
that is similar to this one. 

3.2 The impact of cushion thickness 
The study is for a 0.8 m thick square raft with a total area of 144 m2 and 36 unconnected piles supporting it. The thickness 

of the cushion ranges from 0.5 to 2 m. The variation in total settlement versus cushion thickness is depicted in Figure (6) and 
Figure (7) illustrates the axial stress versus pile length for diverse cushion thickness values. The results indicate that as the 
cushion thickness increases, the total settlement of the raft reduces slightly, and the axial load rises along the pile length. It is 
also worth noting that the axial stress at the pile head reduces as cushion thickness increases. It is possible to conclude that the 
thickness of the cushion influences the load sharing between the cushion and the piles. The findings show that as the cushion 
thickness increases, the raft's total settlement decreases slightly while the axial load increases along pile length. It's also worth 
mentioning that as cushion thickness increases, the axial stress at the pile head decreases. It is possible to deduce that the 
cushion thickness affects the load distribution between the cushion and the piles. 

The results are compatible with the experimental results obtained by Hadi et al. [13] who found that the load settlement 
curve for each of the model tests is seen to be nonlinear.  

 
Figure 3: Settlement along the centreline of the raft, CPR, UCPR 
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Figure 4: The settlement shading of piles and raft 

 
Figure 5: Variation of the axial stress along with the 

connected and unconnected centre piles 

 
Figure 6: Variation of settlement along the centreline of the raft 

with the cushion thickness 
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Figure 7:  Variation of settlement in the center of the raft with the 

cushion thickness 

Figures (8) and (9) show the variation of axial stress along with the center pile and raft for different values of the cushion 
thickness. As can be seen, increasing the cushion thickness has a minor effect on the axial stress along with the pile. As the pile 
load sharing ratio is related to the axial stress at the pile, the effect of the cushion thickness on this ratio is similar to that on the 
pile axial stress. This finding is clearly illustrated in Tables (2) and (3). 

The analysis of results obtained by Mamood et al. [14] for the normal effective stress component showed that the 
maximum value is in the upper third part of the pile. The reason for concentrating stresses in that part is because the partially 
saturated soil has a maximum negative pore water pressure at the top of the soil surface which is a propagandist of 
concentrating effective stresses in that part of soil. Increasing effective stress leads to increasing the friction resistance at the 
pile surface and constrain the movement of the pile. 

 
Figure 8: Variation of the axial stress along the centre piles 

with the cushion thickness 
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Figure 9: Variation of the axial stress along the centreline of the 

raft with the cushion thickness. 

Table 2: Comparison between axial stress with the cushion thickness. 

 

 

 

 

 

 

 

 

 

 

Table 3: Variation of the load sharing ratio of the unconnected piled raft 
with the cushion thickness 

 

 

 

 

 

 

                                           

                        
HC = cushion thickness. 

4. Conclusions 
1) The total settlement of the connected piled has been lowered by 37%wWhen compared with the conventional pile 

group system, although the total settlement of the unconnected piled has been lowered by 45%. 
2) The axial stress in the connected piled raft rises at the pile head and then gradually decreases along the length of the 

pile. The full axial load is shifted down to a certain length below the pile head in the unconnected system 
(approximately two meters in the studied model). The axial stress in the pile begins to decrease after the top two 
meters, in the following depths, the results were similar to that of the connected system. 

3) The cushion's thickness has an effect on load distribution between the cushion and the piles. As the cushion thickness 
increases, the axial stress at the pile head reduces. 
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Description of foundation Location of pile Stress at the top of  
The centre pile (kPa) 

 
Connected pile raft 

Center pile 1085 
Edge pile 2237 

Corner pile 4224 
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ft 

 
HC (0.5) m 

Center pile 1202 
Edge pile 1993 

Corner pile 2074 
 

HC (0.75) m 
Center pile 1194 
Edge pile 1425 

Corner pile 2072 
 

HC (1) m 
Center pile 1447 
Edge pile 1842 

Corner pile 2239 

Description of foundation Load sharing ratio 

Pile Raft 

Connected piled raft 
 0.66 0.34 

U
nc

on
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ct
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pi
le

 ra
ft 

HC (0.5) m 0.54 0.46 
HC (0.75) m 0.57 0.43 

HC (1) m 0.62 0.38 
HC (1.5) m 0.70 0.30 
HC (2) m 0.72 0.27 
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