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1. Introduction 
 

Piled raft foundations, which are composed of a raft and 

piles, are being especially recognized as an economical 

foundation system for high-rise buildings. Piles as 

settlement reducers have been discussed for over a quarter 

of a century (Burland et al. 1977), and some significant 

applications have been reported (Hansbo and Kallstrom 

1983, Katzenbach et al. 1996, Sommer 1991, Viggiani 

1995). Fig. 1 shows the schematic diagram of the design 

concept applied to a piled raft foundation. The distribution 

of the contact pressure below a rigid raft is well known. If 

this contact pressure distribution can be generated below a 

flexible raft that is subjected to uniform loading, the 

differential settlement of the raft can be significantly 

reduced. This can be obtained by installing a pile group in 

the central area of the raft, reducing the raft contact pressure 

in that zone.  

An optimized design of a piled raft can be defined as a 

design for the construction of the foundation with minimum 

cost and satisfactory bearing behavior for a given geometry 

and raft loading. Not only bearing, but also settlement and 

different settlement need to be considered (Randolph 1994). 

Hence, for an optimum design, it is essential to investigate  
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factors influencing the load-sharing ratio of the piled rafts 

under axial loads. 

Numerous research studies have been conducted to 

investigate the characteristics of the load sharing behavior 

of piled raft foundations. However, very few case histories 

on the monitoring of load sharing between the raft and the 

piles as well as the settlement are available in the literature 

(Katzenbach et al. 2000). Limited field measurement and 

model test cases have been published concerning this topic 

from the 1970s to the 2000s. Among these research studies, 

field measurements (Cooke 1986, Katzenbach et al. 2000, 

Mandolini et al. 2005) and model tests (Akinmusuru 1980, 

Al-Mosawi et al. 2011, Al-Omari et al. 2015, Conte et al. 

2003, Fattah et al. 2013b, Fattah et al. 2015, Horikoshi and 

Randolph 1996, Sawada and Takemura 2014, Thaher and 

Jessberger 1991) have been considered the appropriate 

method for investigating the real behavior of the piled rafts, 

but field measurements and model tests have some 

limitations and require major investments of money and 

time. Although numerical methods are approximate and 

must be additionally verified, the numerical methods are 

simple and less costly and can be used to consider many 

more types of different geometries than model and field 

testing, so numerical methods have been extensively 

developed in the last two decades. The numerical modeling 

techniques based on the finite element method 

(Comodromos et al. 2016, de Sanctis and Mandolini 2006, 

Fattah et al. 2013a, Fattah et al. 2014, Ko et al. 2017, Lee et 

al. 2010, Reul and Randolph 2003, Reul and Randolph 

2004, Saha et al. 2015) provide versatile tools that are 

capable of modeling soil continuity, soil nonlinearity, soil-

structure interface behavior, and 3D boundary conditions.  

In this study, the nonlinear 3D FE analyses varying the  
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Abstract.  The load sharing ratio (αpr) of piles is one of the most common problems in the preliminary design of piled raft 

foundations. A series of 3D numerical analysis are conducted so that special attentions are given to load sharing characteristics 

under varying conditions, such as pile configuration, pile diameter, pile length, raft thickness, and settlement level. Based on the 

3D FE analysis, influencing factors on load sharing behavior of piled raft are investigated. As a result, it is shown that the load 

sharing ratio of piled raft decreases with increasing settlement level. The load sharing ratio is not only highly dependent on the 

system geometries of the foundation but also on the settlement level. Based on the results of parametric studies, the load sharing 

ratio is proposed as a function of the various influencing factors. In addition, the parametric analyses suggest that the load 

sharing ratios to minimize the differential settlement of piled raft are ranging from 15 to 48% for friction pile and from 15 to 

54% for end-bearing pile. The recommendations can provide a basis for an optimum design that would be applicable to piled 

rafts taking into account the load sharing characteristics. 
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Fig. 1 Principle of settlement reducing piles (modified 

from Horikoshi and Randolph 1996) 

 

 

pile group-raft area ratio (Ag/Ar), raft thickness-settlement 

ratio (tr/δ), stiffness ratio (EeqAeq/ErAr) and total pile length 

(nLp/aeq) have been performed to investigate the basic 

mechanism and the effect of influencing factors on the load-

sharing ratio (αpr). The field measurement results from a site 

in Germany are employed to validate the FEM simulation 

technique. Based on calibrated FEM analysis techniques, 

the range of the load-sharing ratio is proposed for 

minimizing the differential settlement of the piled raft. 
 

 

2. Load sharing behavior of the piled raft 
 

The design concept of a piled raft can lead to a rational 

reduction of the number or length of piles because the raft 

resistance is also considered in the design. According to 

comprehensive studies, the design of piled raft foundations 

requires an understanding of soil-structure interactions 

because the contribution of both raft and piles is considered 

to verify the ultimate bearing capacity and the serviceability 

of the overall system. Moreover, the interaction between 

raft and piles enables the use of the piles up to a load level 

that can be significantly higher than the permissible design 

value for the bearing capacity of a comparable single 

isolated pile (Katzenbach et al. 2000).  

In the study by Katzenbach et al. (2000), the concept of 

piled rafts combines the load-bearing elements of the piles, 

raft and subsoil in a composite structure as shown in Fig. 2. 

Hence, the total resistance of the piled raft (Rtot) is given by 

tot

n

1i

ipile,rafttot SRRR  
  

(1) 

where Stot is the total load of the structure, Rraft is the contact 

pressure of the raft, and ∑Rpile is the sum of the pile 

resistance. 

As discussed above, the piled raft is a foundation that 

acts as a composite construction consisting of the three 

bearing elements: piles, raft and subsoil (Burland et al. 

1977). In comparison with a conventional foundation design 

of a pile group, a new design philosophy with different and 

more complicated soil-structure interactions is applied for a 

piled raft. In this design philosophy, piles in the piled raft 

are used up to a load level that can be even higher than 

permissible design values for bearing capacities of 

comparable single piles (Katzenbach and Moormann 1997). 

The distribution of the total load between the different 

bearing structures of a piled raft is characterized by the load 

sharing ratio αpr, which defines the ratio between the 

amount of the pile loads, ∑Rpile,i, and the total load of the  

 

Fig. 2 Load-bearing components of piles rafts 

 

 

Fig. 3 Example for the settlement reduction of a piled raft 

as a function of αpr (modified from Katzenbach et al. 

1998) 
 

 

structure Rtot. 

∑
n

i

totpile,ipr /RRα
1=

=

 

(2) 

In Fig. 3 (Katzenbach et al. 1998), the obtainable 

settlement reduction SPR/SUR is given qualitatively as a 

function of the load sharing ratio αpr, where SPR and SUR are 

the settlements of the piled raft (PR) and unpiled raft (UR) 

of the same size. Here, SPR/SUR means the ratio of the 

settlements of the unpiled raft to that of the piled raft. A 

value of αpr = 0 (or 0%) indicates the case of an unpiled raft, 

and the load is transferred only through the raft, whereas αpr 

= 1 (or 100%) indicates the case of a fully piled foundation, 

and the load is transferred only through the piles without 

contact pressure beneath the raft. 
Mandolini et al. (2005) reported available experimental 

data from 22 field cases and examined the interaction 
among the piles and the raft. They found the useful features 
of geometry and of load sharing behavior for piled raft 
foundations. Additionally, the load sharing is dependent on 
the simple geometrical parameters s/D, where s is the pile 
spacing and D is the pile diameter. 

Therefore, to reasonably predict the behavior of the 

piled raft, it is necessary to distribute the load sharing 
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behavior accurately. However, it is not easy to investigate 

the load sharing characteristics under varying conditions 

throughout full-scale pile tests. Therefore, the objective of 

this study is to investigate the load sharing characteristics of 

a piled raft under various conditions using the 3D finite 

element methods. 
 

 

3. Finite element modeling procedure 
 

3.1 FE mesh and boundary conditions 
 

A commercial finite-element package, PLAXIS 3D 

Foundation (2008), is used in this study. Fig. 4 shows the 

typical idealized 3D model for FE analysis in this work. 

The pile, raft and soil are modeled with finite elements, 

which allow rigorous treatment of the soil-structure 

interactions. The raft is modeled using a plate element. In 

the FEM package, the plate element is based on the general 

3D continuum mechanics theory and the assumption that σ33 

= 0 in the vertical direction. The basic soil elements are 15-

node wedge elements that are composed of 6-node 

triangular elements in the horizontal direction and 8-node 

quadrilaterals in the vertical direction. Each pile in a group 

is modeled with a massive circular pile composed of 

volume elements with an interface at the outside of the pile. 

Interfaces are composed of 16-node interface elements that 

consist of eight pairs of nodes, compatible with the 8-node 

quadrilateral side of a soil element. Interface elements have 

a 3×3 point Gaussian integration and allow for differential 

displacements between the node pairs (slipping and 

gapping). 

The overall dimensions of the model boundaries 

comprise a width of 4 times the raft width (Br) from the raft 

center and a pile length (Lp) plus a further 4Lp below pile-

toe level. These dimensions are considered adequate to 

eliminate the influence of boundary effects on the 

performance of the piled raft (Lee et al. 2010). A large 

square raft with width Br of 50 m is considered. The pile 

head is connected rigidly to the raft. The mesh consists of 

fifteen-node wedge elements, with a total of 48,620 nodes. 

The vertical boundaries are allowed to displace only in 

the vertical direction, and the bottom boundary is fixed in 

the horizontal and vertical directions, hence assuming a stiff 

undeformable stratum such as a rock layer. The specified 

initial stress distributions should match with a calculation 

based on the self-weight of the material. After the initial 

step, an applied loading is simulated by the application of a 

uniform vertical load on the top of the raft.  

 

3.2 Piled raft foundation-soil interface modeling and 
material properties 
 

A bilinear Mohr Coulomb element is employed to 

simulate the piled raft foundation-soil interface, including 

the interfaces between pile-soil and raft-soil respectively. 

The interface element is treated as a zone of virtual 

thickness. The Coulomb criterion is used to distinguish 

between elastic behavior, where small displacements can 

occur within the interface, and plastic interface behavior 

when a permanent slip may occur. For the interface to  

 

Fig. 4 Typical idealized 3D model for FE analysis 
 

 

remain elastic, the shear stress (τ) is given by 

|τ|<σn tan φ
i
+ci  and for plastic behavior, τ is given by 

|τ|=σn tan φ
i
+ci. Here, φi and ci are the friction angle and 

cohesion (or adhesion) of the interface. A decreased value 

of the shear modulus is assigned to the interface element 

when a slip occurs. The decrease of strength for the 

interface element is represented by a strength reduction 

factor Rinter in PLAXIS. The interface properties are 

calculated from the following equations 

cinter=Rintercsoil (3) 

tan φ
inter

=Rinter tan φ
soil

 (4) 

where cinter and φinter are the cohesion and friction angle of 

the interface, and csoil and φsoil are the cohesion and friction 

angle of the soil mass. This model has been selected in the 

element library of the PLAXIS 3D Foundation (2008), the 

commercial finite element package used for this work. 

An isotropic elastic model is used for the pile, and the 

Mohr-Coulomb model (i.e. linear elastic perfectly plastic 

model) is used for the clay and sand. The Mohr-Coulomb 

model consists of two parts such as the linear elastic part 

based on Hooke’s law and perfectly plastic part based on a 

non-associated plasticity framework. This model allows 

control of the change in volume by using a non-associated 

flow rule as well as a yield surface in the deviatoric plane. 

In this study, the sand for the load sharing behavior of a 

piled raft foundation and dry condition are considered.  
 

3.3 Validation of 3D FEM with field measurement 
 

The validation of the 3D FE model is examined by a 

comparison with a field measurement for vertically loaded 

piled rafts on the Frankfurt clay, which was conducted by 

Sommer (1991).  

The Torhaus, which was constructed between 1983 and 

1986, is the first building with a piled raft foundation in 

Germany. This piled raft consists of a raft and 84 bored 

piles. The piles have a length of 20 m and a diameter of 0.9 

m. A raft size of 17.5 m × 24.5 m with a thickness of 2.5 

m is resting on the subsoil, which comprises quaternary 

sand up to 2.5 m below the bottom of the raft, followed by 

the Frankfurt clay. Fig. 5 shows the schematic diagram of 

the Torhaus Der Messe case for the validation. The material 

properties of the soil and piled raft are shown in Table 1 for 

the validation (Reul and Randolph 2004). An applied load 

of 200 MN for each raft (Sommer 1991) is applied as a  
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Table 1 Material properties used in the validation of 3D FE 

model (Reul and Randolph 2004) 

Type 
E’ 

(MPa) 
ν’ 

γt 

(kN/m3) 
φ’ (deg.) c’ (kPa) Rinter Model 

Frankfurt 

clay 
45* 0.15 19 20 20 0.5 

M.C.* 

Sand 75 0.25 18 32.5 - 0.7 

Raft 34,000 0.2 25 - - - 
L.E.* 

Pile 23,500 0.2 25 - - - 

*Note: M.C.* indicates Mohr-Coulomb model, L.E.* 

indicates Linear Elastic model, Frankfurt clay*: 

E=45+[tanh((z-30)/15)+1]×0.7z 

 

Table 2 Comparison of the results (Torhaus case) 

References Load sharing ratio (αpr) δc (mm) 

Measured  

(Sommer 1991) 
0.67 124 

3D FE analysis (Reul 
and Randolph 2003) 

0.76 96 

This study 0.64 117 

 

 

uniform load over the whole raft area. 

To validate the 3D FE modelling, the 3D FE results of 

both the central settlements of the piled raft (i.e., settlement 

at the center of raft) and pile load distribution are compared 

with the Torhaus case. The comparative results of the 3D 

FE analysis and field measurements are shown in Table 2 

and Fig. 6. For the comparison with the settlement of piled 

rafts, the central settlement of piled rafts that was reported 

by Reul and Randolph (2003) is also plotted in Fig. 6(a). 

The measured central settlement at the raft was 

approximately 124 mm. The calculated settlements by Reul 

and Randolph (2003) and this study are 96 mm and 117 

mm, respectively. The agreement between the computed 

and measured central settlement (δc) has been found to be 

reasonably good.  

In addition, to investigate the load distribution of the 

individual piles, each of the pile loads of the piled raft is 

analyzed. Fig. 6(b) shows the pile load distributions, 

reflecting the load sharing characteristics of the piled rafts. 

As shown in Fig. 6(b), the results from the numerical 

 

 

(a) Load-settlement curves 

 

(b) Pile load distribution 

Fig. 6 Comparative results of the 3D FE analysis and 

field measurements 

 

 

analyses have been found to agree well with the results of 

the measured data. Thus, this model accurately simulated 

the behavior of the piled rafts. Additionally, the computed 

and measured load sharing ratio (αpr) are 0.64 (present 

study), 0.76 (Reul and Randolph, 2003), and 0.67 

(measured). Therefore, there is reasonably good agreement 

between the results of the 3D FE model and the measured 

values, and this 3D FE model is suitable for studying the 

load sharing characteristics of piled rafts.  

  

(a) Profile view (b) Configuration of piles 

Fig. 5 Schematic diagram of the Torhaus Der Messe case 

Pile 2

1
7

.5
 m

Pile 3

Pile 1

Pile 6 Pile 5

Pile 4

24.5 m

452



 

Analysis of load sharing characteristics for a piled raft foundation 

4. Parametric studies and results 
 

The load sharing characteristics of piled raft foundations 

present a very complex three-dimensional problem. Some 

researchers reported that the load sharing characteristics of 

piled raft foundations are highly influenced by the 

relationship of the pile group-raft dimensions, pile group-

raft stiffness, raft thickness-settlement, and the pile length-

settlement. To examine the influencing factor on the load 

sharing characteristics of pile raft foundations, a total of 288 

numerical analysis cases were performed based on the 

major influencing parameters such as the pile group-raft 

area ratio (Ag/Ar), the raft thickness-settlement ratio (tr/δ), 

the equivalent pier-raft stiffness ratio (EeqAeq/ErAr), and the 

total pile length (nLp/aeq). Table 3 summarizes the cases of 

piled rafts with different raft thickness, pile diameter, pile 

lengths, pile spacing and configurations of pile analyzed in 

this study. As mentioned above, the load-sharing ratio (αpr) 

is strongly dependent on settlement behavior. So in this 

study, the load-sharing ratio (αpr) was estimated at the 

applied load based on the corresponding maximum 

settlement of 50, 100, 150 and 200 mm. 

Cho (2013) summarized the characteristics of sandy soil 

and rock, based on the soil conditions obtained from a total 

of 13 soil investigations. This database on soil investigation 

gives an appropriate range of soil and rock properties so 

that the typical geotechnical parameters were used in FE 

analysis. Young’s moduli of raft and pile are applied to a 

general concrete material parameter reported by Reul and 

Randolph (2003). Material properties used in the FE 

analyses are summarized in Table 4. 
 

4.1 Interpretation of the results 
 

Fig. 7 illustrates the problem notation studied and 

defines the key parameters.  

 

4.1.1 Load sharing ratio (αpr) 
As mentioned above, the load sharing ratio (αpr) is 

described as the ratio of the sum of all pile load (∑Rpile,i) to 

the total load of the foundation (Rtot) using Eq. (2). A load 

sharing ratio of αpr = 1 represents a freestanding pile group, 

whereas a load sharing ratio of αpr = 0 describes an unpiled 

raft.  
 

4.1.2 Pile group-raft area ratio (Ag/Ar) 
Fig. 7(a) shows the plan view of a piled raft. In the 

figure, Ag is the area of the pile group, Ar is the area of the 

raft, and s is the pile spacing. The pile group-raft area ratio 

in this study can be expressed as Ag/Ar. Here, the area of the 

pile group, Ag, can be estimated as follows 

Ag=[(√n-1)s]
2
 (5) 

where n is the number of piles, and s is the pile spacing. 
 

4.1.3 Equivalent pier-raft stiffness (EeqAeq/ErAr) 
Poulos and Davis (1980) proposed the equivalent pier 

method for estimating the stiffness and settlement of a pile 

group. This method is a very simple and useful approach for 

a wide range of pile group geometries and also provides a 

useful check for more complex and complete pile group  

Table 3 Outline for the FE analyses (parametric study) 

Raft Pile 

Soil type 
Br (m) tr (m) D (m) Lp (m) Le (m) Array 

Pile 

spacing 

50 

1 
2 

3 

4 

0.6 
1.0 

1.5 

2.0 

10f* 

15f* 
20e* 

10 

5 
0 

3×3 2.5D 

5.0D 
6.0D 

Sand 
5×5 

*Note: f* indicates friction pile, e* indicates end bearing 

pile 

 

Table 4 Summary of material properties (parametric study) 

Type Depth 
E 

(MPa) 
ν 

γt 

(kN/m3) 
φ (deg.) c (kPa) Rinter Model 

Sand 
0 - 20 

m 
50 0.32 19 35 15 0.67 

M.C.* 

Rock 20 m - 300 0.3 21 39 34 1.0 

Raft - 34,000 0.2 25 - - - 
L.E.* 

Pile - 23,500 0.2 25 - - - 

*Note: M.C.* indicates Mohr-Coulomb model, L.E.* 

indicates Linear Elastic model 

 

 
(a) Plan view of a piled raft 

 
(b) Side view of a piled raft 

Fig. 7 Problem notation 
 

 

settlement analyses. This method assumes that a single pier 

replaces the pile group as shown in Fig. 7(b). Here, deq is 

the diameter of the equivalent pier and can be estimated as 

follows (Poulos 1993) 

 deq=1.27√Ag (for the friction piles) (6) 

deq=1.13√Ag (for the end-bearing piles) (7) 

Thus, the area of the equivalent pier, Aeq, can be 

calculated as follows 

deq=1.13√Ag (for the end-bearing piles) (8) 

The Young’s modulus of the equivalent pier (Eeq) can be  
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estimated as follows (Horikoshi and Randolph 1999) 

Eeq=Es+(Ep-Es)(
Atp

Ag

) (9) 

where Ep is the Young’s modulus of the piles, Es is the 

average Young’s modulus of the soil penetrated by the piles, 

and Atp is the total cross-sectional area of the piles in the 

group. Accordingly, the equivalent pier-raft stiffness in this 

study is expressed as EeqAeq/ErAr. 

 

4.1.4 Settlement 
The center-side (δc-s) and center-corner (δc-c) differential 

settlements are calculated as 

δc-s=δcenter-δside (10) 

δc-c=δcenter-δcorner (11) 

where δcenter, δside , and δcorner are the settlement at the center, 

side, and corner, respectively. The differential settlement 

can be negative, indicating that the settlement has a convex 

shape. 

 

4.2 Effect of pile group-raft area ratio (Ag/Ar) 
 

Fig. 8 shows the results for the effect on the load-

sharing ratio of the pile group-raft area ratio (Ag/Ar) with  

 

 

different raft thicknesses under the same conditions of 

maximum piled raft settlement. As the pile group-raft ratio 

increases, the load-sharing ratio of the piles increases. The 

load-sharing ratio decreases significantly with the decrease 

in the thickness of the raft at 50 mm maximum 

displacement. The effect of raft thickness is reduced with 

increasing maximum settlement. Additionally, the increase 

in the maximum settlement from 50 mm to 200 mm resulted 

in a 40% decrease in the maximum load-sharing ratio. This 

behavioral difference is explained by the incremental 

settlement being governed by the raft stiffness for the initial 

loading state (Randolph 1994). This situation holds until the 

ultimate capacity of the piled raft system is reached.  
Consequently, the increased pile group-raft area ratio 

induces a proportionate increased load-sharing ratio of the 
piles, possibly due to the overall stiffness of the pile groups 
in a piled raft increasing with an increasing pile group area. 
More load is transferred to the piles when the pile group 
stiffness increases. These results are consistent with the 
majority of studies by Mandolini et al. (2005), who reported 
that the load carried by the raft increases with decreasing 
values of the area ratio. The result in all cases of mobilized 
load sharing show a good correlation with the pile group-
raft area ratio. On this basis, the magnitude of the load-
sharing ratio has been shown to be clearly related to the pile 
group area and thus represents a significant reduction in 
load sharing with increasing maximum settlement.  

  
(a) 50 mm (b) 100 mm 

  
(c) 150 mm (d) 200 mm 

Fig. 8 Effect of pile group-raft area ratio (Lp=10 m). Note: Solid and dashed lines represent the trend lines of an 

exponential function corresponding to each case 
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(a) 50 mm (b) 100 mm 

  
(c) 150 mm (d) 200 mm 

Fig. 9 Effect of equivalent pier-raft stiffness (Lp=10 m). Note: Solid and dashed lines represent the trend lines of an 

exponential function corresponding to each case 

  
(a) Lp=10 m (b) Lp=15 m 

 
(c) Lp=20 m 

Fig. 10 Effect of raft thickness-settlement ratio (3×3, s=2.5D). Note: Solid and dashed lines represent the trend lines 

of a linear function corresponding to each case 
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(a) Lp=10 m (b) Lp=15 m 

 
(c) Lp=20 m 

Fig. 11 Effect of raft thickness-settlement ratio (5×5, s=2.5D). Note: Solid and dashed lines represent the trend lines 

of a linear function corresponding to each case 

  
(a) D=0.6 m (b) D=1.0 m 

  
(c) D=1.5 m (d) D=2.0 m 

Fig. 12 Effect of pile length (tr=1 m, s=2.5D). Note: Solid and dashed lines represent the trend lines of an exponential 

function corresponding to each case 
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4.3 Effect of equivalent pier-raft stiffness (EeqAeq/ErAr) 
 

Fig. 9 shows the effect of equivalent pier-raft stiffness 

on the load-sharing ratio. The total capacity of the pile 

group is changed by varying the axial stiffness of the pile-

soil system. Therefore, the load carried by the piles is also 

dependent on the overall capacity (pile group plus soil), 

which is governed mainly by the pile-soil stiffness. 

Although the stiffness ratio (EeqAeq/ErAr) has a concept 

similar to the pile group area ratio (Ag/Ar), this influencing 

factor for considering the stiffness of the pile group and the 

soil is different. The load sharing ratio tends to increase as 

the equivalent pier-raft stiffness ratio increases, explained 

by the axial stiffness of equivalent pier tending to be 

increased by the equivalent pier area (Aeq) in spite of the 

same equivalent Young’s modulus (Eeq). However, the effect 

of the stiffness ratio is a more significant correlation than 

the pile group-raft area ratio. Therefore, the load-sharing 

ratio is governed mainly by the equivalent pile-soil stiffness 

factor. 

 

4.4 Effect of raft thickness-settlement ratio (tr/δ) 
 

Based on the literature (Horikoshi and Randolph 1996, 

Katzenbach et al. 2000, Reul 2004), the load sharing 

between raft and piles depends on the raft thickness and the 

settlement of the piled raft. The effect of the raft thickness-

settlement ratio has been examined, maintaining a constant 

pile length by adjusting the pile diameter between 0.6 m 

and 2.0 m. Figs. 10 and 11 show the variations in load 

sharing ratio according to the raft thickness-settlement ratio, 

the pile diameter, and the pile length. The trends are 

essentially unchanged in spite of a significant change in the 

pile length. The load sharing of the piles gradually increases 

as the thickness-settlement ratio and pile diameter increase. 

The dependence of the load-sharing ratio on the settlement 

level was shown by Horikoshi and Randolph (1996) with a 

centrifuge test in over-consolidated kaolin. They concluded 

that this decrease in the load sharing was caused by 

nonlinear pile resistance-settlement behavior. Under the 

same raft thickness-settlement ratio, the larger the diameter 

of the pile is, the higher the load-sharing ratio becomes. 

Additionally, this trend is similar to results reported by Reul 

(2004), whose results show that the increase in the raft 

thickness-settlement ratio results in approximately 2 to 

154% increase in load sharing. When the raft thickness 

increases and the settlement of the piled raft decreases, the 

raft thickness-settlement ratio is larger. For ordinary 

situations, full load sharing of piles is developed, and then 

the pile capacity can be fully mobilized. From this 

parametric study, we conclude that it is important to 

consider the raft thickness and settlement for the load-

sharing ratio. 
 

4.5 Effect of pile length (nLp/aeq) 
 

For assuming a fully flexible raft and averaging the 

settlements, a uniform modulus at a depth of one equivalent 

circular raft radius (aeq=√Ar/π) should be used. Therefore, 

the total pile length, nLp, which is normalized with respect 

aeq, is plotted versus the load-sharing ratio in Fig. 12. Figs. 

12(a)-12(d) show the load sharing ratio depending on total 

pile length. The results demonstrate that the load-sharing 

ratio tends to increase with the pile diameter as well as the 

pile spacing, and the total pile length (n×Lp) also increases. 

Because the load sharing of piles is related to the bearing 

capacity of pile groups in a piled raft, which increases with 

increasing pile number (n) and pile length (Lp). For the 

same total length of piles, the load-sharing ratio of the 

narrow pile spacing is slightly smaller than the load-sharing 

ratio of wide pile spacing. Furthermore, there is a clear 

trend for reduction of the overall settlement with increasing 

number and length of piles. A similar trend of decrease in 

load sharing is also computed when the maximum 

settlement increases from 50 to 200 mm. Consequently, the 

results show significant correlations between load sharing 

of piles and relative total pile length. However, although 

total pile length reduces the settlement of the piled raft, total 

pile length also induces an increase in the cost. Thus, it 

should be thoroughly considered for an optimum design of 

the piled raft.  
 

 

5. Recommendations for the optimum design of the 
piled raft 
 

The performance of a piled raft foundation is governed 

predominantly by the load sharing of piles and reducing the 

differential settlement. In addition, the minimization of 

differential settlements is desirable, and the pile groups are 

to be designed optimally. 

The typical differential settlement between the raft 

center and the side, δc-s, versus tr/δ ratio factor is shown in 

Fig. 13. As shown, the differential settlement decreases 

gradually as the raft thickness-maximum settlement ratio 

increases. This observation suggests that large diameter 

piles might be adequate in reducing the differential 

settlement. Fig. 14 shows an example of a typical 

relationship between total pile length factor (nLp/aeq) and 

differential settlement. As expected, the differential 

settlement decreases as the pile total length increases. This 

observation is also true for the effects of maximum 

settlement; when the maximum settlement is reached to 200 

mm, then the reduction ratio of differential settlement with 

varying total pile length increases. Consequently, the results 

show significant correlations between differential 

settlement and total pile length factor. 

The effect of the equivalent pier-raft stiffness ratio on 

the differential settlement is shown in Fig. 15. For the given 

pile group geometry, EeqAeq/ErAr apparently has little 

correlation with the differential settlement of a piled raft 

with raft thickness, but it has a more significant effect on 

the load sharing ratio of the piled raft.  

As shown previously, factors influencing the load 

sharing such as the raft thickness-settlement ratio (tr/δ), the 

stiffness ratio (EeqAeq/ErAr) and the total pile length (nLp/aeq) 

have an influence on the differential settlement of the piled 

raft. However, these factors would not necessarily be a 

major design question for the optimum design of the piled 

raft. The behavior of the piled raft foundation is a 3D 

problem such as a configuration of the piles in pile groups 

or the raft shape related to complex soil -structure  
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interactions. However, this observation suggests the general 

effect of the limited influencing factors on the load sharing 

and the differential settlement of the piled raft.  
Obviously, the results in all ranges of the load-sharing 

ratio show a good correlation with the combination of 
influencing factors, as shown in Fig. 16. The load sharing 
ratio, αpr, and data from 288 numerical cases were analyzed 
under various conditions. Based on the results of the 
numerical analyses, the load-sharing ratio is indicated to 

 

 

 

 

depend on the raft thickness-settlement ratio (tr/δ), the 

equivalent pier-raft stiffness ratio (EeqAeq/ErAr), and the total 

pile length (nLp/aeq). Thus, the generalized function of the 

load-sharing ratio is modified by introducing Eq. (12). The 

generalized form is non-dimensional.  

αpr=a(
EeqAeq

ErAr

)(
tr

δ
)(

nLp

aeq

)

b

 (12) 

  
(a) 3×3 piled raft (b) 5×5 piled raft 

Fig. 13 Effect of raft thickness-settlement ratio on the center-side differential settlement (Lp=10 m, s=2.5D). Note: 

Solid and dashed lines represent the trend lines of an exponential function corresponding to each case 

  
(a) Center-side differential settlement (b) Center-corner different settlement 

Fig. 14 Effect of pile length on the differential settlement (D=0.6 m, s=2.5D). Note: Solid and dashed lines represent 

the trend lines of a linear function corresponding to each case 

  
(a) Center-side differential settlement (b) Center-corner different settlement 

Fig. 15 Effect of equivalent pier-raft stiffness on the differential settlement (δ=50 mm). Note: Solid and dashed lines 

represent the trend lines of a linear function corresponding to each case. 
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Fig. 16 Correlation between calculated load sharing ratio 

and combination of influencing factors 

 

Table 5 Proposed αpr range for minimizing differential 

settlement 

Lp (m) tr (m) 
X* 

Differential 
settlement (mm) 

αpr (%) Range of 
αpr (%) 

δc-s δc-c δc-s δc-c δc-s δc-c 

10 

1 1967 622 6.36 19.27 34 22 

22~47 
2 3934 3934 5.83 18.51 42 42 

3 5901 1867 5.19 14.61 47 33 

4 2490 2490 3.52 9.35 36 36 

15 

1 184 934 0.11 10.59 15 26 

15~48 
2 123 467 0.29 6.7 16 24 

3 2801 2213 0.09 0.06 42 35 

4 3735 1245 0.05 0.91 48 28 

20 

1 1492 195 1.87 0.39 54 21 

15~54 
2 6.66 300 1.19 0.42 15 37 

3 18.9 190 1.26 0.04 28 30 

4 25.1 759 0.57 0.05 32 51 

*Note: X=(EeqAeq/ErAr)(tr/δ)(nLp/aeq) 

 

 

Regression analysis is used to obtain the best-fit values 

of a and b. Fig. 16 presents the variation of the load sharing 

ratio of the generalized form based on the results obtained 

in a total of 288 cases. From the regression analysis, 

parameters a and b are determined to be 4.40 and 0.26 for 

the friction pile, and 9.31 and 0.26 for the end bearing pile, 

respectively. Through the regression analysis, Eqs. (12) and 

(13) for the load-sharing ratio can be rewritten as follows 

αpr=4.40(
EeqAeq

ErAr
)(

tr

δ
)(

nLp

aeq
)
0.26

(for the friction piles) (13) 

αpr=9.31(
EeqAeq

ErAr
)(

tr

δ
)(

nLp

aeq
)
0.26

 (for the end bearing piles) (14) 

The proposed αpr approach can predict the load-sharing 

ratio of the piled rafts in the preliminary design stage. 
In addition, the recommended range of load sharing 

ratios corresponding to minimum differential settlement is 
summarized in Table 5. The recommended load sharing 
ratios to minimize differential settlement range from 22 to 
47% (Lp = 10 m), from 15 to 48 (Lp = 15 m), from 15 to 54 

(Lp = 20 m) in sand, respectively. In other words, the load 
sharing ratios to minimize the differential settlement of the 
piled raft range from 15 to 48% for the friction pile and 
from 15 to 54% for the end-bearing pile.  

The recommendations can provide a basis for an 
optimum design that would be applicable to piled rafts 
considering the load sharing characteristics. The proposed 
αpr approach can predict the load-sharing ratio of the piled 
rafts in the preliminary design stage. 
 

 

6. Conclusions 
 

The primary objective of this study was to investigate 
the load sharing characteristics of piled raft foundations in 
sand. A series of 3D FE analyses were conducted to 
investigate the effect of influencing factors on the load-
sharing ratio of the piles in a piled raft foundation. The 
main characteristic of these analyses is to consider soil-
structure interactions. The validation of numerical modeling 
techniques against field measurement was discussed. From 
the findings of this study, the following conclusions can be 
drawn: 

• The 3D FE model applied to the analysis of a piled raft 
should consider the realistic characteristics of the soil-
structure interaction. The models should be able to predict 
the behavior of the piled raft depending on the geometric 
configuration of the foundation, and the varying number 
and position of piles with different lengths and diameters.  

• Based on the results of the 3D FE analysis, the load 
sharing characteristics of a piled raft foundation are 
observed to be significantly dependent on the following 
factors: the pile group-raft area ratio, the raft thickness-
settlement ratio, the stiffness ratio and the total pile length. 
The result in all cases of mobilized load sharing shows a 
good correlation with the influencing factors.  

• As a result, the load sharing behavior of the pile is 

related to the feasible combination of the pile group-raft 

area ratio, the raft-pile-soil stiffness, the number of piles 

and the length of the piles, corresponding to settlement 

level. The differential settlement of the piled raft has also 

been shown to be more affected by system geometry (such 

as the raft thickness-settlement ratio and the total pile 

length) than by the stiffness ratio. 
• The parametric studies have clearly demonstrated the 

important influencing factors on the load-sharing ratio of 
the piled raft subjected to axial load. Consequently, the 
recommended load-sharing ratios to minimize differential 
settlement range from 22 to 47% (Lp = 10 m), from 15 to 48 
(Lp = 15 m), from 15 to 54 (Lp = 20 m) in sand, respectively. 
The load-sharing ratios to minimize the differential 
settlement of the piled raft range from 15 to 48% for the 
friction pile and from 15 to 54% for the end-bearing pile. 
The recommendations can provide a basis for an optimum 
design that would be applicable to piled rafts considering 
the load sharing characteristics.   
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Nomenclature 
 

Aeq area of the equivalent pier 

Ag pile group area 

Ar raft area 

Atp total cross-sectional area of the piles in the group 

a parameter for regression analysis 

aeq equivalent circular raft radius 

Br raft width 

b parameter for regression analysis 

cinter cohesion of the interface 

csoil cohesion of the soil mass 

D pile diameter 

deq diameter of the equivalent pier 

Eeq Young’s modulus of the equivalent pier 

Ep Young’s modulus of the pile 

Er Young’s modulus of the raft 

Es average Young’s modulus of the soil 

Lp pile length 

n number of piles 

Rinter strength reduction factor 

Rraft contact pressure of the raft 

Rtot total resistance of the piled raft 

SPR settlement of pile raft 

Stot total load of the structure 

SUR settlement of unpiled raft 

s pile spacing 

tr raft thickness 

αpr load sharing ratio 

δ settlement 

δcentre settlement at the centre 

δcorner settlement at the corner 

δc-c centre-corner differential settlement 

δc-s centre-side differential settlement 

δside settlement at the side 

∑Rpile the sum of the pile resistance 

τ shear stress 

φinter friction angle of the interface 

φsoil friction angle of the soil mass 
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