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Abstract: Raft foundations generally have the ability to 
reduce differential settlement, contrarily causing excessive 
settlement. In order to overcome this, piles are used along with the 
raft termed as combined pile-raft foundation system. Due to the 
lack of availability of simplified tools and intricacy of work, the 
combined pile raft foundation remains as an untouched area in 
research. This paper explores the performance of 2x2 numerically 
simulated combined pile-raft foundation embedded in sand 
exposed to pure horizontal load using ABAQUS 3D. The effect of 
horizontal loading in terms of displacement is studied by varying 
the raft thickness, length and spacing to diameter ratios 
respectively for the combined pile-raft foundation having a pile 
diameter of 500mm. The model is validated using the existing 
findings. Based on this study, it is inferred that the raft thickness 
effect remains inconsequential whereas the length to diameter 
ratio and spacing to diameter ratio has an impact on the static 
response of the combined pile-raft foundation system. 
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I. INTRODUCTION 

Population migration and explosion goes hand in hand 
leading to rapid urbanization. This has resulted in the rise of 
colossal multi-story buildings and skyscrapers, where the 
foundation of the structure and soil plays a major role during 
the transfer of load. Deep foundations are generally used to 
withstand enormous loads and reduce settlements on soil 
deposits of relatively weak to moderate nature. Thus, in order 
to overcome the settlement and load transfer mechanism in 
such soils, a new technique called combined pile- raft system 
is used which provides an effective way to restrict the 
settlement to permissible limit and safe transfer of loads to 
the subsoil. Poulos [1] figured that the idea of combining the 
shallow and deep foundation was first proposed by Leonardo 
Zeevaert for the construction of “Tower Latino Americana” 

in Mexico City. Katzenbach et al. [2,3] mentioned the major 
design criterion to be the deformations and later marked that 
by considering the soil-structure interaction a safe and 
economic piled raft foundation can be achieved. Combined 
Pile raft foundation (CPRF) term was coined by Katzenbach 
et al. [4] which consists of pile, raft and subsoil as the load 
bearing elements. After idealizing the various soil profile for 
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combined pile raft foundation, Poulos [5,6] concluded that a 
uniform soil profile of relatively stiff clay or dense sand 
would be the favorable situations for CPRF. Analysis 
techniques for pile group was first developed by Butterfield 
and Banerjee [7] as mentioned by Randolph [8], then the 
analysis technique was developed for pile raft foundation by 
Davis and Poulos [9] and further simplified analysis methods 
were also developed by Hooper [10], Sommer et al. [11], 
Franke at al. [12], Ai et al. [13]. Another form of design 
approach modelled the piled raft foundation as plate loaded 
spring was put forth by Griffith et al. [14], Clancy and 
Randolph [15], Kitiyodom P and Matsumoto [16-18]. 

Hooper [10] first used finite element method analysis to 
understand the complex piled raft foundation behavior. To 
analyze the complex piled raft behavior one or two numerical 
analytical methods was combined. Ta and Small [19,20], 
Chow and Small [21] compared Finite Element Method 
(FEM) and Finite Layer Method (FLM) to investigate the pile 
raft behavior. Burland and Kaira [22] and Prakoso and 
Kulhawy [23] performed plane strain 2 – D finite element 
analysis for elastic and elastic-plastic models to compare the 
settlement and to design optimum pile raft respectively. Patil 
et al. [24] experimentally examined the eccentrically loaded 
piled raft behavior embedded in sand and proposed that rafts 
load carrying capacity gets mount up with the addition of 
piles near the edges and prevent the CPRF system from 
tilting. In addition to the earlier works carried out on laterally 
loaded CPRF, a focus on the effect of static horizontal 
loading and its behavior is studied using numerical 
simulation.    

II.  VALIDATION OF MODEL 

CPRF was modelled and analyzed using a finite element 
software ABAQUS 3D. Kumar et al. [25] has modelled a 2x2 
CPRF in PLAXIS 3D using the 1-g experimentation 
conducted by Matsumoto [26] for a series of vertical and 
horizontal loading. The soil properties chosen for the 
experiment were based on the consolidated drained triaxial 
test carried out by Matsumoto et al. [27]. The present model 
is validated by comparing the modelling part and analysis 
part of CPRF under horizontal loading. The normalized 
lateral displacement of the present numerical model obtained 
was found to be in accordance with Kumar et al. [25] and 
hence the current numerical model can be used for assessing 
the performance of CPRF under different raft thickness, 
length and spacing to diameter ratios respectively.  
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Fig. 1(a). Kumar et al. [25] 

 

 
Fig. 1(b). Present Study 

III. FINITE ELEMENT MODELLING 

The static response of 2x2 Combined Pile-Raft Foundation 
is studied by simulating the model in a finite element 
software package ABAQUS 3D using the guidelines from 
Hibbit et al. [28]. The model consists of a soil continuum, 
piled raft, interaction and loadings. L/d ratios of 20, 30 and 40 
were adopted terming L to be the length of the pile and d to be 
the diameter of the pile. The spacing to diameter ratio(s/d) 
adopted were 3, 5 and 7 where s is the spacing of the piles. 
The variation of raft thickness was from 500mm to 1000mm. 
The diameter of the pile was assumed to be 500 mm.  

 Fig. 2. ABAQUS Model 

The dimension of the soil model is varied in accordance 
with the size of the CPRF. The soil dimension in the vertical 
direction was modelled in such a way that it was about 1.5 
times bigger than the height of the pile as reported by Kumar 
et al. [29] and 5 times bigger than the width of the raft 
horizontally. The soil was assumed to take Mohr-Coulomb 
plasticity criterion and was modelled to be elasto-plastic. The 
modelling of pile raft was intended to be linear elastic. The 
soil and piled raft were modelled using 3D deformable solid 
parts that were extruded. The loading was given in two steps 
having an initial step and a static, general step.  

An isotropic directional contact having a tangential 
mechanical behavior with a penalty type friction formulation 
having a coefficient of friction 0.3 was assigned. A standard 
surface to surface interaction with a path contact tracking was 
used to provide a master-slave constraint. A finite sliding 
formulation having no slave adjustment and surface 
smoothing is used to create the contact pair. The master and 
slave surface were the pile surface area and the element 
modelled as soil in contact respectively. The bottom nodes of 
the soil continuum were completely arrested and the side face 
nodes are restricted from moving horizontally. A standard 
element of a quadratic geometric order having a 10-node 
quadratic tetrahedron (C3D10) element was used. 

A. Study of Parameters 

The parameters chosen for the study were the effectiveness 
of raft thickness, length and spacing to diameter ratios 
respectively under horizontal loading using ABAQUS 3D. 
Table I defines the soil properties, pile and raft property 
assumed for the parametric study. 
 
 
 
 
 
 
 
 
Table- I: Properties of Soil 
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and Piled Raft 

Property Soil Piled Raft 

Young’s Modulus E 
(kN/m2) 

40,000 4,00,000,000 

Poisson’s ratio ν (no 
unit) 

0.3  0.2 

Mass Density γ (kN/m3) 16.3 24 

Angle of internal friction 
ϕ 

31º  

Dilatancy Angle ψ 1º  

Cohesion (kN/m2) 10  

IV. RESULTS AND DISCUSSIONS 

A. Effect of Raft Thickness 

To find the net result of thickness of raft on a CPRF, the 
length and spacing to diameter ratios respectively were taken 
as constant. The horizontal load applied on the raft acts 
eccentrically being the vertical loads absent. This causes an 
excessive deflection of the combined piled raft system. Even 
though the increase in raft thickness eventually upraised the 
load carrying capacity, but does not improve the settlement 
characteristics of the CPRF. The raft thickness does not 
remarkably reduce the settlement. This phenomenon also 
shows that raft is the load carrying element and hence the pile 
aid in reducing settlement. As shown in fig. 3(b), the change 
in the raft thickness does not have a larger difference in 
response of CPRF system which is in accordance with Oh et 
al. [30]. 
 

 
  Fig. 3(a). Effect of Raft Thickness 

 

 
Fig. 3(b). Effect of Raft Thickness 

B. Effect of length to Diameters Ratios 

       The length to diameter ratios that were adopted were 
20, 30 and 40. For analyzing the effect of length to diameter 
ratios, an optimum raft thickness of 500mm is used. It is 
notable that slender piles reduce settlement feebly on 
comparing to piles with smaller length to diameter ratios due 
to the eccentricity in loading.  

 

 
Fig. 4. Effect of length to diameter ratio 

Since the loading is purely horizontal, a higher degree of 
eccentricity ensues while transferring load. This dictates that 
piles with larger length to diameter ratios are not economical 
to serve as settlement reducers. In the case of vertical loading, 
interfacial stress mobilizes at higher depths which is not 
applicable in our case. The length to diameter ratio has 
spurious claims as it has detrimental effects which are mainly 
due to the reduction in load carrying capacity after a certain 
amount of settlement. The pile group in the sand is end 
bearing hence the peripheral area plays only a very meagre 
role. The stress contour as shown in Fig. 5. shows that the 
stress concentration is predominant near the piled raft which 
is mainly due to the impact of material property. In other 
words, the Young's Modulus of the pile and soil affect the 
stress concentration.  

 
Fig. 5. Stress Contour 

C. Effect of spacing to diameter ratios 

In mandate to know the effect of spacing to diameter ratio 
of piles, three different spacing of 3d, 4d and 5d were 
adopted. It is apparent that the increase in the spacing of the 
piles consequently increases the lateral dimensions of the 
raft.  
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Hence, under pure horizontal loading, the raft performance 
is notably good when compared to that of lower spacing 
which may also be the consequence of the increase in load 
bearing volume of the raft. Although the settlement reduces 
as the spacing increases, the raft starts behaving like a simple 
mat foundation as the load transferred to the soil beneath 
increases thereby the interaction is loosed between the piles 
and they start acting like individual piles.  

This shows that the raft proffers carrying load and piles the 
settlement reducers. The increase in spacing would be 
uneconomical for higher ratios as the element does not act as 
a combined piled raft foundation. As the spacing increases, 
settlement increases which are speciously due to a relatively 
lesser number of piles that aid in reducing settlement. The 
stresses in the rear pile row are found to decrease as the 
spacing between the piles increases which may be due to the 
shadow cast on the rear row which is an effect of the overlap 
of stresses (shadowing effect). 

 

 
Fig. 6. Effect of spacing to diameter ratio  

V. CONCLUSION 

The static response of combined piled raft foundation 
under horizontal loading in the sand has been studied in this 
paper. Using ABAQUS 3D, the combined piled raft 
foundation system was modelled having a soil continuum 
with properties of sand using the Mohr-Coulomb plasticity 
model. The effect of raft thickness was insignificant in terms 
of displacement when subjected to horizontal loads. The 
consequence of the length to diameter ratios on the 
displacement was notable in piles having a greater length to 
diameter ratios as they    behaved differently when subjected 
to horizontal loading compared to short piles which were a 
result of eccentricity. Likewise, the larger spacing to 
diameter proves to be inefficient for CPRF, since fails to 
validate the inception. Thus, the displacement under larger 
L/D and S/D ratios needs cautious insight so as to evade the 
failure due to higher stress concentration around the pile and 
to neglect the incompetency in the design of CPRF in terms 
of horizontal loading. 
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