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Earthquakes can be considered as most destructive hazard that threats the buildings’ safety. Earthquakes 

take place when sudden motion of ground is transient. It occurs due to release of 
short time (few seconds) (Kumar, 2008).
it is responsible of the building’s safety
proper design of the foundation can prevent several structural problems (Chelat 
problems can be represented by negligible cracks whereas the worst problems can be building collapse. 
Settlement of building’s foundation is a cr
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A B S T R A C T 
Background: Piled raft foundation is usually designed for buildings to provide 
adequate load carrying capacity and to eliminate the overall settlement and hence 
control the differential settlement within tolerable limits. Settlement control is an 
essential concept to ensure the safety of buildings. Earthquake which is one of the most 
distinctive hazards attacks the buildings increases the settlement values as it apply 
additional loads on the foundation of the building. The effect of earthquake is not 
limited by the additional loads. However, it applies non
amplify the values of differential settlement which the worst between the types of 
settlement as it may cause building collapse. Proper design of the piled
can solve the problem. Increase of pile number and specifying the correct spacing 
among them is one of the best solutions. Therefore, studying of the effects of spacing 
among piles is an important concept. Objectives: this study aims to investigate
response of piled raft foundation of 25 story building resting on soft soil when 
subjected to free vibration and earthquake using PLAXIS 3D software which is one of 
the best computerized packages in this domain. Three different spacing (three times, 
fife times, and seven time of the diameter (3d, 5d, and 7d) were selected in this study to 
be modeled. The soil conditions and the building properties were selected based on a 
real data. The effects of each different spacing value were investigated on total and 
differential settlement. Results: this study exhibited that 
piles to 5d and 7d comparing to the basic spacing (3d) increases the total settlement of 
pile raft foundation by 25% and 50% respectively. Differential settlement exhibited 
different behavior as the minimum differential settlement was found at spacing of 5d. 
However, it increased by 50% of its minimum value with spacing of 3d and by 36% 
with spacing of 7d. The results were justified based on engineering and physical 
concepts. Conclusion: The found results can be adopted by the agencies interested with 
the piled-raft design to consider the effects of different spacing values between the piles 

on  foundation  settlement. Considering those effects can increase the efficiency of the 
 piled-raft system and decrease the construction cost.  

INTRODUCTION 

Earthquakes can be considered as most destructive hazard that threats the buildings’ safety. Earthquakes 
take place when sudden motion of ground is transient. It occurs due to release of elastic

, 2008). The foundation of the building is a major component 
responsible of the building’s safety; especially, in sever conditions such as seismic loading. 

foundation can prevent several structural problems (Chelat et al., 2015); minor structural 
problems can be represented by negligible cracks whereas the worst problems can be building collapse. 
Settlement of building’s foundation is a critical parameter in structural design as unallowable settlement may 
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lead to sever damages in buildings or cause their collapse. Two types of settlement can be expected in building’s 
foundation: uniform and differential settlement; differential settlement is the worst one. Small values of 
differential settlement cause cracks, spalling, and damages in utilities such as sewers and water pipes. However, 
high values may cause building collapse. The piled foundation is one of the best solutions in construction 
industry (Warsito et al., 2016; Nair et al., 2016). This type can absorb the problem of settlement as well as other 
design problems. The design and analysis of the pile-raft system is a complex process and affected by several 
factors. Using of 3D model in numerical analysis increases the complicity of the numerical analysis. However, it 
can give more accurate results in comparison with other methods. Pile-raft is often used to transfer loads from 
superstructure (high rise buildings) to the underlying soils (weak soils). Pile-raft or Piled cap is considered the 
most sufficient foundation system. Pile-raft means that the soil had percentage contribution to carry external 
loading from superstructure and the raft work as flexible. Piled cap means that the pile cap suspended on piles 
and the cap work as rigid. This may be attributed to the fact that piled type capable of providing an adequate 
measure in both stiffness and load resistance (Poulos et al., 2011). The performance of pile foundations under 
seismic load is significantly affected by the dynamic properties of the soil in which it is installed. Pile-raft 
subjected to earthquake excitation parameter is the focus of recent studies. High rise buildings and towers are 
usually founded on piled foundation that may subject to earthquake excitation rely on the type of soil strata that 
is according to soil investigation. This study investigates the effect of piles’ spacing on total and differential 
settlement under the mentioned conditions. The main contribution of this paper is study of behavior of the piled-
raft system in terms of total and differential settlement with different spacing among piles under specified 
conditions for high buildings subjected to earthquakes. Coverage of this aspect is very important in geotechnical 
engineering area as control of piles’ spacing and suggestion of the optimum value can increase the foundation 
efficiency and minimize the cost and efforts. In addition, it can ensure high level of confidence for structural 
safety for high rise buildings. Moreover, this is a non-preceded study based on literature review stated below 
and to the best knowledge of the authors. 

Several researches were conducted in this domain. Eslamia et al. (2011) concerned on the behavior of piled 
rafts and piled group under seismic and time history loading. All models are simulated using ABAQUS software 
and verified the results with experimental work. Yamashita et al. (2012) clarified the ground motion of pile-raft 
under seismic loading under high rise building. The superstructure consists of twelve stories and the type of soil 
loos silty sand. Ilaş et al. (2013) analyzed different types of soil under earthquake loading upon piled raft 
system(piles with large diameter - columns) using geotechnical computer program Midas GTS 2013 v1.1. 
Yamashita et al. (2014) investigated the behavior of pile-raft as long term under seismic loading as settlements 
and load sharing that transfer between piles and foundation. Shukla et al. (2013) studied various parameters 
affect the performance of piled raft using three dimensional finite elements method by using ABAQUS 
software. Saha et al. (2010) investigated the response of pile soil structure interaction system under seismic 
loading. Emani and Maheshwari (2010) presented a study of soil pile interactions under dynamic loading in case 
of triangular group piles with and without embedment of the pile cap using three dimensional finite element 
analyses. Yamashita et al. (2012) studied static and seismic behavior of a piled raft foundation supporting a 12-
story base-isolated building at 2011 the Pacific coast of Tohoku Earthquake struck the building site. Akbari et 
al. (2013) studied role of different parameters in different stages of loading on piled raft by using a numerical 
model and laboratory. ABAQUS finite element software was utilized to examine the interaction of soil–
foundation–structure. Chandran et al. (2013) simulated and studied a performance of high rise buildings 
considering soil structure interaction by using SAP2000 Finite Element Analysis software. Ilaş et al.  (2013) 
studied the performance of tall structure supported by piled raft under the effect of dynamic loading using 
geotechnical software. Jisha et al. (2014) studied the dynamic interaction including the superstructure (tall 
chimney). Gluck et al. (2014) investigated the interaction relation of piled raft subjected to dynamic loading 
using numerical approach in presence of liquefactions of soil. Hokmabadi (2014) studied the response of 
superstructure in case of soil structure interaction under the effect of seismic excitation. A numerical models and 
experimental tests adopted by the author to investigate the soil structure interaction on the seismic response of 
superstructure. Gluck et al. (2014) investigated the interaction relation of piled raft subjected to dynamic loading 
using numerical approach in presence of liquefactions of soil. 

Through the literature review and to the best knowledge of the authors, the effect of spacing among piles on 
total and differential settlement is not covered. However, this parameter is very important as settlement control 
contributes in structures’ safety. In addition, differential settlement has disastrous effects on structures’ safety 
which is an essential target. Therefore, this paper covers the effects of change in spacing among the piles on 
total and differential settlement to fill the gap in this area. 

 
Preparation For Analysis: 

The piled raft foundation of 25 story building resting on soft soil during earthquake was modeled by 
PLAXIS 3D to study the effect of piles’ spacing on settlement. Figure (1) presents the user-interface of PLAXIS 
3D involving the modeled building. The modeled building involves a raft with circular piles. Three different 
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elements are included in the model; volume element for the soil, plate element for the raft and embedded beams 
for the piles. Sönmez (2013) referred to the importunacy of the included elements. The present study adopted 
Ali_AlGharbi earthquake time histories in modeling as it is one of the strongest earthquakes in Iraq (the country 
of the study). Table 1 summarizes model geometric characteristics. 
 
Soil Modeling and Mesh Generate: 

The soil was modeled as Mohr-Coulomb model with drained condition. PLAXIS 3D generate medium 
mash distribution. In the present model, ϕ soils (medium dense sand) were selected to be the sub-soils. PLAXIS 
3D generate medium mesh distribution with 5937 elements and 10044 nodes as shown in Figure 2. This model 
covers a common type of soils. However, the soil behavior is affected by the water table conditions (Ibrahim et 
al., 2016). 

 

 
 
Fig. 1: User-Interface of PLAXIS 3D Involving the Modeled Building  

 
Table 1: Model Geometric Characteristics 

The building 
Height 90 m 
Building plane 43.2*20.7 m 
Column Dimensions 600*600 mm 
Beam Dimensions 250*600 mm 
Shear wall thinness 300 mm 
The pile-raft system 
Thickness of raft 1 m 
Area of raft 1050.45 m2 

Pile diameter 1000mm 
Pile length 15 m 
Total piles 36 

 
Foundation System: 

The piles have been modeled as embedded beam, predefined as circular massive pile. The interface 
reduction factor was adopted to be 0.8 according to soil and piles’ material. The raft has been modeled by means 
of plate elements. Figure 3 presents the modeled foundation syetem by plaxis 3D. 

 
Building: 

The building has been entirely modeled by means of plate elements (walls, floor, ceiling each with different 
properties). The supporting beams were modeled as node to node anchor, as shown in Figure 4. 

 
Loading Component: 

The static analysis aims to model the construction sequence of the building under drained situation in order 
to attain a realistic state of stresses before running the dynamic analysis for the earthquake loading. Dead load of 
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5kPa and Live load 4kPa were considered subjected as uniform surface load. To consider seismic loading, this 
Ali_AlGharbi earthquake time histories were selected to be applied in this modeling as shown

 

Fig. 2: Mesh generation 
 

Fig. 3: Three dimensional view of modeled
 

 
The effect of pile spacing (3d, 5d and 7d) on response of piled raft subjected to earthquake excitation is 

studied. Greater spacing between piles in pile
overlapping reaction area and larger in
Figure 6 and Figure 7 present the effect of change in spacing among piles on total and differential settlement 
respectively.  

Based on numerical analysis, it was found that increase in
the basic spacing (3d) increases the total settlement of pile raft foundation by 25% and 50% respectively. This 
behavior can be justified by the following points:
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5kPa and Live load 4kPa were considered subjected as uniform surface load. To consider seismic loading, this 
Ali_AlGharbi earthquake time histories were selected to be applied in this modeling as shown

ree dimensional view of modeled foundation system by PLAXIS 3D 

RESULTS AND DISSCUSSION 

The effect of pile spacing (3d, 5d and 7d) on response of piled raft subjected to earthquake excitation is 
studied. Greater spacing between piles in pile-raft system leads to greater efficiency factor. Due to smaller 
overlapping reaction area and larger interaction region among the piles, the lateral capacity becomes greater. 
Figure 6 and Figure 7 present the effect of change in spacing among piles on total and differential settlement 

Based on numerical analysis, it was found that increase in spacing among piles to 5d and 7d comparing to 
the basic spacing (3d) increases the total settlement of pile raft foundation by 25% and 50% respectively. This 
behavior can be justified by the following points: 
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5kPa and Live load 4kPa were considered subjected as uniform surface load. To consider seismic loading, this 
Ali_AlGharbi earthquake time histories were selected to be applied in this modeling as shown in Figure 5. 
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spacing among piles to 5d and 7d comparing to 
the basic spacing (3d) increases the total settlement of pile raft foundation by 25% and 50% respectively. This 
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Fig. 4: the molded building with the soil 
 

 
Fig. 5: AliAlGharbi earthquake time histories
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Fig. 6: Influence of pile spacing on maximum settlements

 

 
Fig. 7: Influence of pile spacing on differential settlements
 

1. Decrease in spacing between piles applies 
them together and providing confining media. This action resists the external forces (building load and dynamic 
loads due to earthquake) which decrease the total settlement.

2. Decrease in spacing between piles absorbs more power applied from earthquake than larger spacing as 
the piles work together more effectively in dissipation of the forces applied by earthquake since the settlement is 
a function of applied forces (larger forces lead to more settl

3. Decrease in spacing between piles with same number of them means that the piles are concentrated in 
the middle of the raft which resists the dishing effect occurs in sand. This action leads to decrease in probable 
total settlement as the maximum total settlement occurs in the middle of the raft in case of sand due to dishing 
phenomenon. 

4. Forces mentioned in point 1 affect the piles as well as soil particles which lead to more friction forces 
at piles’ surfaces as the friction is a function of normal 
leads to more resistance in total settlement and decreases it as a result.

5. Another probable phenomenon can be explained in this point. End bearing resistance in the piles may 
increase when works together in less spacing. This action may decrease the total settlement. For smaller pile 
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Influence of pile spacing on maximum settlements 

Influence of pile spacing on differential settlements 

Decrease in spacing between piles applies additional lateral forces between soil particles by holding 
them together and providing confining media. This action resists the external forces (building load and dynamic 
loads due to earthquake) which decrease the total settlement. 

tween piles absorbs more power applied from earthquake than larger spacing as 
the piles work together more effectively in dissipation of the forces applied by earthquake since the settlement is 
a function of applied forces (larger forces lead to more settlement). 

Decrease in spacing between piles with same number of them means that the piles are concentrated in 
the middle of the raft which resists the dishing effect occurs in sand. This action leads to decrease in probable 

tal settlement occurs in the middle of the raft in case of sand due to dishing 

Forces mentioned in point 1 affect the piles as well as soil particles which lead to more friction forces 
at piles’ surfaces as the friction is a function of normal forces and coefficient of friction. Increase in skin friction 
leads to more resistance in total settlement and decreases it as a result. 

Another probable phenomenon can be explained in this point. End bearing resistance in the piles may 
together in less spacing. This action may decrease the total settlement. For smaller pile 
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Another probable phenomenon can be explained in this point. End bearing resistance in the piles may 
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spacing, increasing the number of piles led to an increasing in vertical displacement due to block effect as result 
of the overlapping interaction between piles. 

Differential settlement exhibited different behavior as the minimum differential settlement was found at 
spacing of 5d. However, it increased by 50% of its minimum value with spacing of 3d and by 36% with spacing 
of 7d.  

The spacing of 5d has the advantages of resistance of dishing effect occurs in sand as the piles are 
concentrated relatively in the middle of raft as described previously in point 3. However, in case of 7d, 
resistance id dishing effect is less which leads to increase in settlement in the middle of raft. Although that, the 
settlement near the edges is minimized as the piles near the edges supports them. In addition, increase in spacing 
to 7d between the piles with same number of them increases the share of the raft to carry load. As a result, 
higher differential settlement is expected due to flexibility of the raft that causes irregular deformation. 
Moreover, earthquake amplifies this behavior. In case of spacing with 3d another justification can be stated. 
Although the fact that less spacing leads to higher dishing resistance  which results in reduction in settlement in 
the middle of raft, this spacing results in higher settlement at the edges as they are not sufficiently supported. 
 
Conclusions: 

This paper presents a numerical analysis using PLAXIS 3D software to investigate the effect of spacing 
among piles on total and differential settlement for the piled raft foundation supports high building rested on 
medium dense sand. Real time histories of Ali_AlGharbi earthquake was adopted in modeling as it is one of the 
strongest earthquakes in Iraq (the country of the study). An extensive literature review exhibited that this 
parameter is not covered under the study conditions to the best knowledge of the authors. However, this 
parameter is very important as settlement control contributes in structures’ safety. In addition, differential 
settlement has disastrous effects on structures’ safety which is an essential target.  Therefore, this paper covers 
the effects of change in spacing among the piles on total and differential settlement to fill the gap in this area. 
The results of the numerical analysis demonstrated two main conclusions: 

1. Increase in spacing among piles to 5d and 7d comparing to the basic spacing (3d) increases the total 
settlement of pile raft foundation by 25% and 50% respectively.  

2. Differential settlement exhibited different behavior as the minimum differential settlement was found 
at spacing of 5d. However, it increased by 50% of its minimum value with spacing of 3d and by 36% with 
spacing of 7d.  

The results were justified based on engineering and physical concepts. The found results can be adopted by 
the agencies interested with the piled-raft design to consider the effects of different spacing values between the 
piles on foundation settlement. Considering those effects can increase the efficiency of the piled-raft system and 
decrease the construction cost. Moreover, this study can be a gate for other studies to cover the effects of other 
parameters in this domain. In addition, this study can be repeated using other analyzing techniques or with 
different input data. 
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