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ABSTRACT 
Piled-raft foundations have been used for many tall buildings as an economic foundation type. Transferring the structural 
load properly to the ground and controlling the foundation settlement by optimizing the number of piles are its primary 
characteristic. The settlement, however, became a serious problem when the seismic loading was not considered or 
simplified in the design of piled-raft foundations. Retrofitting of existing piled-raft foundations that do not meet the 
requirement of current seismic design standard is an important issue. In the present paper, numerical analyses with 
three-dimensional dynamic finite element analysis are conducted to study the settlement of existing piled-raft foundations 
constructed in an active seismic region. Besides, the effectiveness of the partial-ground improvement as a seismic 
countermeasure for the settlement of piled-raft foundations is investigated. In the numerical analyses a 3 × 4 piled-raft 

foundations, which supports a five-story building located in the soft ground area, is considered. Particular attention is 
paid to find the optimum pattern of the partial partial-ground improvement for the mentioned piled-raft foundation. 
Different patterns of partial-ground improvement are analyzed and finally, an optimum pattern is proposed that can 
reduce the settlement in the most efficient way. In the analysis, the soil, the pile and the structure are modeled with the 
proper constitutive equations. Dry Toyoura sand is considered as the ground material, and the Cyclic Mobility (CM) 
model describes its nonlinear mechanical behavior. An axial-force dependent (AFD) model describes the nonlinear 
mechanical behavior of pile. Moreover, a trilinear model describes the behavior of the structure. 
 
 
 
1 INTRODUCTION 
 
Piled-raft foundations have been used for many tall 
buildings as an economic foundation type. Transferring 
structural loads to the ground and controlling the total and 
differential settlement are its main characteristic. 
However, researchers have been reported the settlement 
failure of piled-raft foundation in the recent strong 
earthquakes such as 1995 Hyogoken-Nanbu Japan and 
2001 Bhuj India earthquakes. Therefore, the settlement 
became a serious problem when the seismic loading was 
not considered or simplified in the design of existing piled-
raft foundations. It should be noted that once the 
settlement failure of a piled-raft foundation has occurred, 
its repair is technically challenging and the only way is to 
demolish the entire building even if the upper structure is 
undamaged. Thus, the retrofitting of existing piled-raft 
foundations that may be subjected to seismic force should 
be considered to secure the structures during the strong 
earthquakes. 

The mechanical behavior of piled-raft foundation 
during the earthquake is a seismic soil-foundation-
structure interaction problem. Besides, in an active 
seismic region, some existing piled-raft foundations are 
exposed to settlement failure, which becomes a serious 
issue.  

Plenty numerical and experimental studies have been 
conducted to analysis the mechanical behavior of piled-
raft foundation. For instance, in the numerical 

investigation, the work of following researchers can be 
named: Eid and Shehada (2015), Poulos et al. (2011), 
Leung et al. (2010), Nguyen et al. (2013), Prakoso and 
Kulhawy (2001), Cunha et al. (2001), Reul1 and Randolph 
(2004), de Sanctis and Russo (2008), Yong and Shen 
(2001), Small and Zhang (2002), and Kumar et al. (2016). 
The experimental study can be seen in the work by 
Sawadan and Takemura (2014), Park and Lee (2015), 
Nakai et al. (2004). 

An efficient method to enhance the seismic behavior 
and control the settlement of existing piled-raft foundation 
during the strong earthquakes is ground improvement 
method. In this method, reducing the quantity of ground 
improvement along the depth of pile from full ground 
improvement to partial ground improvement would make it 
much more economical. Thus, further investigation is 
needed to find an optimum pattern for the partial ground 
improvement (PGI). The full and partial ground 
improvement is shown in Figure 1. 

Yamashita et al. (2012) used the PGI for a base-
isolated building on the soft ground and conducted the 
field monitoring. They concluded that the ground 
improvement works efficiently. The improvement of 
existing fixed base structure supported by the piled-raft 
foundation, during the strong earthquake, however, needs 
further investigation. 

In the present paper, three-dimensional (3D) nonlinear 
dynamic finite element method (FEM) is employed using 
the FEM program DBLEAVES (Ye, 2007; Ye, 2011) to 



 

investigate the effect of PGI as a seismic countermeasure 
for existing piled-raft foundation. In the analysis, a five-
story fixed base structure supported by a 3×4 piled-raft 

foundation is considered. Particular attention is paid to 
find the most effective type of PGI that can reduce the 
impact of earthquakes on the piled-raft foundation. 

Some researchers have studied the PGI for the pile 
foundation to control the bending moment during the 
earthquake. For instance:  Maeda et al. (2006), Tomisawa 
and Miura (2007), Bao et al. (2012), Morikawa (2012), 
Kheradi et al. (2015 & 2016),  and Hamayoon et al. 
(2016). 

The reliability of analysis method for the piled-raft 
problems depends on proper modeling of the soil, the 
piled-raft and the structure with precise constitutive 
equations. In the numerical analysis, the ground is dry 
Toyoura sand, typical clean sand, and its nonlinear 
mechanical behavior is described by Cyclic Mobility model 
(CM model) (Zhang et al., 2007 & 2011). The nonlinear 
behavior of pile is modeled with the Axial-force 
Dependent model (AFD model, Zhang and Kimura, 2002). 
A trilinear model (Takeda et al., 1970) models the 
structure. 

With mentioned numerical method, four cases are 
examined. In all cases, the piles have the same amount of 
PGI, but the arrangement is different. Finally, an optimum 
pattern of PGI for the piled-raft foundation is proposed 
that can reduce the effect of the earthquake in the most 
efficient manner. 

 
 

 
Figure 1. Full and partial ground improvement 

 
 

2 NUMERICAL MODELING 
 
In numerical analysis, 3D nonlinear dynamic FEM is 
employed using the DBLEAVES program. The 
DBLEAVES is a 3D static and dynamic soil-water 
coupling FEM program, based on the finite element-finite 
difference (FE-FD) scheme. Many researchers have 
reported the accuracy and applicability of DBLEAVES. 
For instance, Ye et al. (2007), Bao et al. (2014) and Xia et 
al. (2010) were reported the accuracy of DBLEAVES. 

In the analysis, the soil, the piled-raft, and the 
structure are modeled with proper constitutive equations. 
The soil, which is the dry Toyoura sand with Dr=80% is 
modeled with CM model. CM model is a rotating-
hardening type elastoplastic constitutive model that takes 
into account the overconsolidation, the soil structure and 

the stress-induced anisotropy simultaneously. The main 
feature of the model is its ability to describe the static and 
dynamic behavior of soils subjected to different loading 
under the different hydraulic condition in a unified way. 
The CM model has eight parameters, among which five 

parameters, , , ,  and  are the same as those in the 
Cam Clay model. The other three parameters are a: the 
parameter controlling the collapse rate of the structure, m: 
the parameter controlling the losing rate of the 
overconsolidation ratio or the change in density of the soil, 
and br: the parameter controlling the developing rate of 

the stress-induced anisotropy are different. These three 
parameters have clear physical meanings and can be 
easily determined by undrained triaxial cyclic loading tests 
and drained triaxial compression tests. A detailed 
description of this model can be found in the references 
(Zhang et al., 2007 & 2011). The properties of Toyoura 
sand are listed in Table 1.  

 
 

Table 1. Material parameters of ground in CM model. 

 
 
The steel pipe pile SKK 490 with the thickness, outer 

diameter and elastic modulus of 14 mm, 1000 mm, and 
210 GPa respectively is considered in the present study. 
The pile is modeled by AFD model. The AFD model can 
take into consideration properly the axial-force 
dependency in the nonlinear moment-curvature relations. 
In AFD model, a weak-form equilibrium equation for beam 
element was introduced and the interaction between the 
bending moment and the axial force can be properly 
evaluated under the generalized loading conditions. The 
detailed description of this model can be found in the 
references (Zhang and Kimura, 2002). 

The raft and slab of each story are assumed elastic 
and its unit weight, Poisson's ratio and elastic modulus 
are 25 kN/m3, 0.20 and 25 GPa respectively. 

The columns in the structure are modeled with the 
trilinear model. The trilinear model is a degrading model 
that can describe the nonlinear behavior of the bending 
moment-curvature relationship and it takes into 
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consideration the hysteresis behavior in the loading-
unloading-reloading process. 

The ground improvement in practical engineering for 
seismic enhancement is usually conducted by mixing 
cemented materials with soft soil by high-pressure jet 
grouting or mechanical mixing method. In the researches 
by Morikawa (2012), Kheradi et al. (2015) and Hamayoon 
et al. (2016) the PGI was made from adding B-type 
Portland blast-furnace slag cement (in short, slag cement) 
into the mixture of Toyoura sand and Fujimori clay. The 
weight ratio of the sand, the clay, the cement and the 
water is 80:20:3:22. The improved soil has a uniaxial 
compressive strength of 600 kPa (Morikawa, 2012, 
Kheradi et al., 2015, Hamayoon et al., 2016) and the 
modulus of deformation of 120~300 MPa. In the present 
study, the improved soil is assumed elastic and its 
material parameters are listed in Table 2.  

The raft and the structure have the width and length of 
13×18 m respectively, and 3×4 piles support the raft. Due 
to the symmetric condition in the longitudinal direction, 
half of the mentioned dimension of the structure and raft 
including 3×2 piles are considered for calculation. The 3D 
FEM mesh used in the present study is shown in Figure 2. 
The mentioned analysis domain is discretized into 8640 
nodes and 6612 elements. The boundary conditions for 
the ground are assumed to be fixed at the bottom and the 
equal-displacement boundary also called as the periodic 
boundary, is introduced at the right and left sides. 

In the dynamic analyses, initial-stiffness-proportional 
Rayleigh damping with h1=0.05 is used for the ground and 

the structure. The dynamic analysis is conducted with 

Newmark- method (=0.60). The time interval is 0.01 

second and the calculation continues for 30 seconds. 
In order to investigate the mechanical behavior of piled-
raft foundation at the ultimate state during the major 
earthquake, the two components of the 1995 Hyogoken 
Nanbu earthquake are considered as the input 
accelerations. The considered two components are 
horizontal (EW) and vertical (UD) components of seismic 
motion. The input accelerations are the record of near-
field seismic motion. Figure 3 shows the input 
accelerations. The performance of existing structures with 
the piled-raft foundation in the locations that exhibited 
many near-field ground motions like Japan becomes a 
challenging work; therefore, the near-field seismic motion 
is considered as the input acceleration. The input 
accelerations were recorded in the Kobe city at a location 
16 km far from the epicenter. 

Usually, the near-field earthquakes have high period 
pulse that may not be existed in the far-field earthquakes; 
therefore, the structures will experience more damage in 
the near-field earthquakes than the far-field earthquakes.  
In the analysis in order to consider the bonding between 
the raft and the soil interface element is is implemented 
between them. No interface element is applied between 
the improved soil and natural soil. 

Kheradi et al. (2017) confirm the accuracy of the 
present numerical method. They conducted a 1g shaking 
table test and numerical analysis (same as present study) 
of a group-pile foundation and confirmed that the 
numerical result is qualitatively and quantitatively the 
same as the shaking table test result. 

 
Figure 2. 3D FEM mesh and piled-raft detail for numerical 
analysis 

 
 

 
a) Horiz. Input acceleration    b) Vertical input acceleration 
 
Figure 3. Input acceleration in 3D dynamic analyses 
 
 
Table 2. Physical properties of the improved soil. 

Item Value 

Uniaxial compressive strength qu (kN/m
2
) 625 

Modulus of deformation E50 (MN/m
2
) 300 

Unit Weight  (kN/m
3
) 19.9 

Poisson's ratio  0.25 

Coefficient of permeability K (m/s) 1.0E-10 

 
 
3 NUMERICAL ANALYSIS PATTERNS 
 
In the numerical analysis, four different cases are 
considered to find an optimum pattern of PGI for the 
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existing piled-raft foundation. The Case 1 is the base case 
without any PGI; conversely, in the other three cases, 
namely, Case 2, 3 & 4 the ground around the piles is 
partially improved. The amount and the cross section area 
of partial-ground improvement in the mentioned cases are 
the same. The total thickness of PGI in each case is equal 
to 8 m which are equal to 33% of pile length.  

In Case 2 the pile heads, just beneath the raft are 
improved. In Case 3, the piles are improved in four 
locations; the thickness of each improvement soil is 2 m. 
In Case 4 the soil beneath the pile tips and four locations 
along the length of the pile is improved; in which the 
thickness of improved soil beneath the pile tips is 4 m and 
the thickness of each improvement soil along the length of 
the pile is 1 m. The four cases with partial-ground 
improvement are shown in Figure 4. 

 
 

 
Figure 4. Numerical analysis Cases 
 
 
4 RESULTS AND DISCUSSIONS 
 
4.1 Settlement 

 
The time history of vertical displacement on the top of the 
raft in all cases is shown in Figure 5. It is apparent from 
the Figure 5 that settlement has been occurring for the 
raft. The settlement in Case 1 is large enough to cause 
the failure of the structure. Dash et al. (2008) reported the 
same amount of settlement in Kandla Port and Customs 
Office tower during the 2001 Bhuj India earthquake. In 
Case 2 & 3 in spite of using the partial-ground 
improvement, they are not able to control the settlement. 

In a piled-raft foundation, the piles are provided to act 
as the settlement reducers. The piles transfer the load to 
the soil through skin friction and end bearings. During the 
earthquake, the piles end bearing plays a significant role 
in the control of the settlement. Therefore, with the 
improvement of the bottom of piles in Case 4 the 
settlement is reduced considerably; implying that the 
Case 4 will be an optimum pattern of PGI for existing 
piled-raft foundation. 

The relative maximum settlement is shown in Figure 6.  
The relative maximum settlement is the ratio of the 
maximum settlement in each case to the maximum 
settlement of Case 1. Case 1 is considered as the base 
case. The figure indicates that the settlement in Case 4 is 
44% smaller than Case 1 during a strong earthquake. In a 
seismically active region that has the experience of strong 
and major earthquakes like Japan, the Case 4 will be an 
effective retrofitting pattern to control the settlement of 
piled-raft foundation. 
 
 

 
Figure 5. time history of vertical displacement on the top 
of the raft 
 
 

 
Figure 6. Relative maximum settlement 
 
 
4.2 Bending moment 
 
In an earthquake, the piled-raft foundation would not fail 
only due to the settlement but also due to bending 
moment of the piles. Post-earthquake field investigations 
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conducted by researchers illustrate that the increase of 
bending moment during the earthquake is one of the 
failure reason of the piles.  Therefore, the bending 
moment of the piles is also investigated. 

The distribution of bending moment along the depth of 
the piles is shown in Figure 7. The distribution of bending 
moment along the depth is at the time when the maximum 
bending moment occurred in each case. The bending 
moment is large in Case 1 and it is reduced in all other 
cases. The best case for controlling the bending moment 
seems to be the Case 3 with a smaller bending moment. 
The Case 3 however, was not able to control the 
settlement of the piled-raft; hence, it can be concluded 
that the Case 3 is an optimum pattern for group-pile 
foundation (Hamayoon et al., 2016). For the piled-raft 
foundation, the Case 4 will be the optimum pattern. In 
Figure 7, the letter L, C & R represents the Left, Center 
and  Right piles that were shown in Figure 4.  

 
 

 
 
                   (a) Case 1                           (b) Case 2 
 

 

 
 
             (c) Case 3                       (d) Case 4 
 

Figure 7. Distribution of bending moment along depth of 
the piles 
 
 

The bending moment in the piles, come from the 
inertial behavior of the structure and kinematic behavior of 

the soil. When the earthquake wave passes through the 
soft ground, it will be amplified and produce the larger 
kinematic bending moment in the piles. In Case 1, the 
piles located on the soft ground; therefore, it has the 
larger bending moment, particularly in the piles head. In 
Case 2, the piles head is improved by the PGI; hence the 
bending moment is reduced in the piles head. In Case 2, 
however, the bending moment is exhibited a larger 
magnitude in the underneath soft layer of the ground due 
to greater kinematic interaction. In Case 3, the bending 
moment is controlled in all depths due to multiple layers of  
PGI. In Case 4, the bending moment is smaller than Case 
1 due to multiple layers of  PGI. The thickness of PGI in 
Case 4 is smaller than Case 3; therefore, its bending 
moment is larger than the bending moment of Case 3 due 
to the greater kinematic interaction.   

The relative maximum bending moment is shown in 
Figure 8. The relative maximum bending moment is the 
ratio of the maximum bending moment in each case to the 
maximum bending moment of Case 1. Case 1 is 
considered as the base case. The figure shows that the 
maximum bending moment in Case 4 is 76% of Case 1.  

 
 

 
Figure 8. Relative maximum bending moment 
            
  
4.3 Horizontal displacement 
 
The time history of horizontal displacement at the top of 
the raft in all cases is shown in Figure 9. The horizontal 
displacement in the cases with the partial-ground 
improvement namely, Case 2, 3 & 4 is reduced by an 
amount of 11%. 

 
 

 
Figure 9. Time history of horizontal displacement at the 
top of the raft 
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5 CONCLUSIONS 
 
In the present paper, 3D nonlinear dynamic FEM with a 
program named DBLEAVES was employed to investigate 
the effect of partial-ground improvement as a seismic 
countermeasure for the settlement of existing piled-raft 
foundation in the soft ground area. In the analysis, a five-
story building supported by a 3×4 piled-raft foundation 

was considered. Particular attention was paid to find an 
optimum pattern of partial-ground improvement to reduce 
the piled-raft settlement due to strong earthquake loading. 

In the analysis, for the soil, pile, and structure proper 
constitutive equations were considered. Dry Toyoura sand 
was considered as the ground material, and CM model 
described its nonlinear mechanical behavior. AFD model 
described the nonlinear mechanical behavior of pile, and 
the structure was modeled with a trilinear model. Four 
different cases were considered for the analysis in which 
the Case 1 was without any ground improvement and the 
other three cases were partially improved with the same 
amount of improved soil. The following conclusions can 
be given for the present investigation. 
1) The assessment of the settlement of each case 
exhibited that Case 4 in which the soil beneath the piles 
and four locations along the length of the pile were 
improved was successfully controlled the settlement of 
piled-raft foundation during the strong earthquake. The 
other two partial-ground improvement cases were not 
able to control the settlement. It was found that in Case 4, 
the settlement was reduced by an amount of 44%. 
2) The calculation of bending moment exhibited that the 
maximum bending moment was reduced by an amount of 
24% in Case 4. Additionally, the horizontal displacement 
at the top of the raft was reduced by an amount of 11% in 
Case 4. 

Based on above-discussion, it is reasonable to assess 
that Case-4 is the optimum pattern of partial-ground 
improvement for the existing piled-raft foundation. 
In the future, the predicted results for the optimum 
patterns of the partial-ground improvement for existing 
piled-raft foundation should be confirmed by the shaking 
table tests. 
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