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Abstract 

In the seismic response of a structure-pile-soil system, a kinematic response due to the 

forced displacement of the surface ground is important, especially in a soft ground, together 

with the inertial response due to the inertial forces from superstructures.  In this paper it is 

shown that a response spectrum method in terms of complex modal quantities can be used in 

the evaluation of the maximum kinematic and inertial seismic responses of the structure-pile-

soil system to the ground motion defined at the engineering bedrock surface as an 

acceleration response spectrum.  The notable point is that the kinematic response, the inertial 

response and the total response can be evaluated by the same analysis model and method by 

changing the model parameters.  Then it is discussed which of the simple sum or the SRSS of 

the kinematic and inertial responses is appropriate even in resonant cases for the evaluation of 

the maximum pile-head bending moment.  It is concluded through many examples that the 

validity of the simple sum or the SRSS depends on the relation between the fundamental 

natural period of the surface ground and that of the superstructure while an averaged 

evaluation is valid in resonant cases. 
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1. Introduction 

1.1 Conventional method for estimating seismic pile response 

For the pile design under earthquake loading, the method for predicting the pile 

response is important.  In the evaluation of the bending moment in a pile, both the effect of 

the forced displacement of a free-field ground (action 1) and the effect of the inertial force 

from a superstructure (action 2) as shown in Fig.1 have to be taken into account in an 

appropriate manner (for example [1-11]).  However these two effects have different 

characteristics and it seems difficult to include these in a simple way keeping a reasonable 

accuracy.  Conventionally the following two methods have been used in practice. 

 

1.1.1 Direct method 

The most well-known method is the direct method.  This method uses a complete 

structure-pile-soil system in which the soil resistance around a pile is modeled by a spring or 

a finite element system.  The spring model is known to be practical once its accuracy is 

confirmed by the comparison with other methods (a finite element system, a continuum model 

or physical experiment).  The earthquake ground motion is input into the engineering 

bedrock.  Although the finite element method has much flexibility, it has the following issues 

to be resolved when used in the practical design. 

(1) Three-dimensional analysis of soil and pile elements requires huge computational load 

and resources. 

(2) Deformation compatibility between soil and pile elements is difficult to satisfy and 

requires a constraint on the selection of finite elements [12].  For example the program 

‘FLUSH’ [13] uses a linear displacement in soil elements and a cubic displacement in pile 

elements which result in the deformation incompatibility. 

 

1.1.2 Substructure method 

Another well-known and practical method is the substructure method (see Fig.2).  The 

free-field ground motion is computed first to the engineering bedrock input and that is re-

input to the structure-pile system.  This method is aimed at superposing simply the response 
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(kinematic response) due to the forced displacement of the free-field ground and the response 

(inertial response) due to the inertial force from a superstructure.  There are two methods in 

the substructure method, i.e. the static method and the dynamic method.  In the static method, 

the forced displacement of the free-field ground and the inertial force from the superstructure 

are given statically.  Although the static method is a simple practical method, it has the 

following drawbacks. 

(1) Difficulty in estimating the displacement mode of the free-field ground: The displacement 

mode is based on the lowest mode in general and higher-mode effects are missing.  In 

addition, the amplitude of the displacement mode has to be evaluated independently. 

(2) Difficulty in estimating the inertial force to be applied to piles: The estimation of exact 

inertial forces is possible through a versatile model.  Although a sway-rocking model is 

often used, the input motion has to be evaluated as one including the surface soil 

amplification.  This modeling of surface soil amplification and the specification of the 

response spectrum at the ground surface are cumbersome tasks. 

(3) Uncertainty in superposing the above-mentioned kinematic and inertial responses:  The 

simple sum is usually employed.  However there is no guarantee depending on the relation 

of the fundamental natural period of the surface ground and that of the building. 

 

1.2 Significance of response spectrum method in hybrid problems of structural and 

geotechnical engineering 

After the past major earthquakes, it has been pointed out and demonstrated repeatedly 

that the damage to civil engineering structures is influenced greatly by the natures and 

conditions of surface soils and deep understanding of the soil-foundation interaction is 

extremely important for the mitigation of such damage.  On the other hand, the soil conditions 

are different site by site and the definition of appropriate design ground motions at a specific 

site is very difficult.  In the actual structural design using the structure-foundation-soil 

interaction models, a computationally efficient method with a reasonable accuracy is 

preferred from the economical and practical viewpoints.  It is therefore strongly desired to 

develop an efficient evaluation method of the peak seismic responses of structure-foundation-
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soil systems at a specific site with a reasonable accuracy. 

Compared to building structures, the application of the response spectrum methods to 

geotechnical problems seems to be inactive.  This is because the phenomena in the 

geotechnical engineering are mostly described by the wave propagation theories and the 

treatment of those phenomena as vibration problems has seldom been conducted so far except 

models with viscous or transmitting boundaries [10].  While the wave propagation theories 

can deal with an infinite medium and hysteretic damping, a complex treatment is necessary in 

the vibration theories.   This difficulty seems to have been the principal barrier to the 

introduction of the response spectrum method in geotechnical problems or structural and 

geotechnical engineering hybrid problems. 

In this paper, a pile-soil system is considered as a representative model of the 

foundation-soil systems.  In the evaluation of the seismic response of the pile-soil system, a 

kinematic effect due to the forced displacement of a free-field surface ground is important, 

especially in a soft ground, together with the inertial effect due to the inertial forces from 

superstructures (see Fig.3).  A response spectrum method using complex modal combination 

is utilized for the simple evaluation of the maximum seismic response of the pile-soil system 

to the ground motion defined at the engineering bedrock surface as an acceleration response 

spectrum.  The superposing rule of the pile bending moments due to the kinematic and inertial 

effects will be discussed in detail even in resonant cases. 

 

1.3 Recent development of response spectrum methods  

In Japan, the method based on time-history response analysis is the method well 

accepted in the evaluation of the seismic safety of high-rise buildings and base-isolated 

buildings.  This is because the modal combination rules, e.g. the SRSS [14], the CQC [15], 

the absolute sum, are based on some assumptions; (1) the design response spectrum is 

prepared as the representative of the design ground motions, (2) only the elastic response can 

be dealt with, (3) the proportional damping can be assumed in the structures.  However, in 

Japan, several recorded or simulated ground motions are used as the input motions in the 

time-history response analysis in the evaluation of the seismic safety of high-rise buildings 
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and the base-isolated buildings and the design response spectrum is not a unique form of the 

design ground motions.  For example, it is well-known [16, 17] that long-period ground 

motions are well represented by the energy spectrum than the ordinary response spectrum.  In 

some buildings, nonlinear inelastic responses are allowed and these responses are difficult to 

deal with by the modal superposition rules.  Furthermore, the proportional damping can not 

be assumed in most of these building structures. 

In 2000 after the Hyogoken-Nanbu earthquake (Kobe earthquake), dual level 

acceleration response spectra were introduced at the engineering bedrock surface for the 

seismic safety and functionality of low and medium-rise buildings lower than 60m in the new 

Japanese seismic-resistant design code (Standard Building Law in Japan).  Those dual level 

acceleration response spectra for damping ratio=0.05 are shown in Fig.4. 

 

1.4 Treatment of design response spectrum at engineering bedrock 

Because the acceleration response spectra are defined at the engineering bedrock 

surface, some difficult problems arise.  There are three approaches to these acceleration 

response spectra at the engineering bedrock surface (see Fig.5).  One is the transformation of 

the acceleration response spectra at the engineering bedrock surface into those at the ground 

surface or at the bottom of a buried foundation (Fig.5(a)) and another one is the introduction 

of an overall interaction system (Fig.5(b)).  The other one is the introduction of substructure 

models subjected to multiple inputs (Fig.5(c)).  

As for the transformation of the acceleration response spectra at the engineering 

bedrock surface into those at the ground surface or at the bottom of a buried foundation, the 

approximate amplification factors are prepared depending on the surface ground conditions.  

The surface ground may be modeled based on the one-dimensional wave propagation theory 

[18] and a more detailed amplification factor can be used as a result.  However, recorded or 

simulated ground motions have to be defined at the engineering bedrock surface and the 

amplification factors can be affected greatly by the properties of ground motions. 

Another approach using an overall interaction system is based on the model of a single 

input at the engineering bedrock.  This approach can be incorporated into the conventional 
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response spectrum method developed for a single input.  However, a numerical stability 

problem may arise in this overall model due to the much difference in numerical order 

between the free-field ground and the pile-soil system.  The method developed in [10] is 

applied to the problem for investigating the superposition rule of the kinematic and inertial 

responses of the structure-pile-soil system. 

The other approach using substructure models subjected to multiple inputs has a 

difficulty in applying the conventional response spectrum method because the conventional 

response spectrum method can not usually deal with the multiple inputs.  However this 

approach is useful for the accuracy confirmation of the method used in this paper. 

The relation between the inertial response and the kinematic response in the evaluation 

of the maximum pile-head bending moment has been investigated by Murono and Nishimura 

[6], Tokimatsu et al. [8, 9].  However the proposal of more comprehensive analysis methods is 

desired and this can be done efficiently and effectively by combining the response spectrum 

method proposed in [10] with a new method for evaluating the inertial response.   A simple 

analysis method of the inertial response using the same response spectrum method is 

proposed here by introducing the constraint on the free-field ground (the fixed condition of 

the free-field ground) and an amplification factor for the total inertial response (Section 4). 

 

1.5 Novelties 

The highlights of this paper may be summarized as follows: 

(1) The introduction of the response spectrum method in the complicated soil-pile-structure 

model enabled the detailed analysis of the accuracy in the combination rule of kinematic 

and inertial effects,  

(2) The combination rule was not clear in the range of resonance between the natural period 

of the superstructure and that of the ground in the previous research, 

(3) The proposal of the method for evaluating the dynamic inertial effect without the time 

history response analysis using the total system (Section 2 and Section 4),  

(4) The use of the overall system with a single input instead of the multi-input model enabled 

the application of the simple response spectrum method,  
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(5) The simultaneous analysis of kinematic and inertial effects by the unified response 

spectrum method (unified analysis model and method: the previous research is an 

analysis of experimental data (not the proposal of response analysis methods)). 

 

2. Kinematic and Inertial Responses in Structure-pile-soil System under Earthquake 

Loading 

It is well-known that the earthquake response of a structure–pile-soil system can be 

described in terms of the kinematic and inertial responses as stated before.  Since it seems 

beneficial to explain its essence for the development of a new theory proposed in this paper, a 

simple model as shown in Fig.6 is introduced first. 

Let 0 1, ,Gm m m  denote the masses of the free-field ground, the foundation and the 

superstructure.  The stiffnesses of the free-field ground, the pile, the interaction soil and the 

superstructure are expressed by 1, , ,G P Ik k k k .  Assume that the displacement is expressed in 

terms of the inertial response ( )
0

Iu  and the kinematic response ( )
0

Ku  as 
 

( ) ( )
0 0 0

I Ku u u= +  (1) 
 

By summing up Eq.(A1a) and Eq.(A1b) in Appendix-1 and substituting Eq.(1) into the 

remaining equation, the following relation holds. 
 

1
( ) ( ) ( ) ( )
0 0 0 0

0

( ) ( ) ( ) 0I K I K
i g i I G P

i

m u u k u u u k u u
=

+ + + − + + =    (2) 

 

From the definitions of ( )
0

Iu  and ( )
0

Ku , the following two equations as the constituents of 

Eq.(2) are derived. 
 

1
( ) ( )
0 0

0

( ) 0I I
i g i I P

i

m u u k u k u
=

+ + + =     (3a) 

 
( ) ( )
0 0( ) 0K K

I G Pk u u k u− + =  (3b) 
 

Eq.(3a) indicates that the total response 0u  and 1u  are necessary to obtain ( )
0

Iu .  

Furthermore ( )
0

Iu  can be obtained for the structure-pile system under the total inertial forces 
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1

0
( )i g ii

m u u= +    without Gu .  It should be noted that the following relation holds in 

comparison with Eq.(3a). 
 

1
( ) ( ) ( )

0 0
0

( ) 0R R R
i g i I P

i

m u u k u k u
=

+ + + =     (4) 

 
( )
0

Ru  and ( )
1

Ru  in Eq.(4) denote the responses of masses 0m  and 1m  of the structure-pile 

model with the rigid free-field ground under gu .  The maximum value of the first term of 

Eq.(4) indicates ( )RQ  and this value can be computed from the response of the model with the 

rigid free-field ground under gu .  The analysis of the relation between Eq.(3a) and Eq.(4) 

seems useful for the development of a new evaluation method for the inertial response of piles 

(see Section 4).  On the other hand, Eq.(3b) implies that ( )
0

Ku  can be computed for the 

massless superstructure model under the input Gu . 

The explanation in this section is for providing the fundamental concept for 

decomposing the total response into kinematic and inertial parts.  In the subsequent sections, 

the equivalent soil stiffness evaluated in the analysis of the free-field ground is used.  A more 

detailed analysis (multi-input model including local soil nonlinearity) is shown in Section 6.2 

for comparison. 

 

3. Response Spectrum Method for Free-field Ground and Structure-pile-soil System 

3.1 Ground model 

Consider an idealized ground model which consists of N-1 homogeneous horizontal soil 

layers on semi-infinite homogeneous ground.  This semi-infinite ground is called an 

engineering bedrock for structural design purposes.  The design earthquake is defined at the 

upper surface level of the engineering bedrock as the design acceleration response spectrum 

for outcropping motion in accordance with the aforementioned Japanese code (see Fig.4).  

This upper surface level of the engineering bedrock is called later the engineering bedrock 

surface.  The numbering of the soil layers starts from the ground surface and the engineering 

bedrock is the N-th layer.  Let um  denote the horizontal displacement of the interface between 

the ( m −1)-th soil layer and the m-th soil layer.  The thickness of the m-th soil layer is 
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denoted by hm .   

It is usual to employ a hysteretic damping in soil while a viscous damping is also 

proposed from another viewpoint [19].  Let Gm,β m,ρm  denote the shear modulus, the 

hysteretic damping ratio and the mass density of the m-th soil layer, respectively.  

Dependence of shear moduli and damping ratios on the strain level is taken into account in 

the equivalent linear model [18].   

 

3.2 Response spectrum method for free-field ground 

A response spectrum method has been used primarily for structures with viscous 

damping because equations of motion under arbitrary loading are difficult to describe in time 

domain for structures with linear hysteretic damping (complex damping) due to the causality 

law.  For this reason, the hysteretic damping is substituted by a viscous damping in this paper.  

Then the hysteretic damping ratio is used as the viscous damping ratio for the lowest 

vibration mode.  The substituted ground has non-proportional damping and complex 

eigenvalue analysis is required for accurate analysis.  For vibration analysis, a viscous 

boundary is introduced at the base as shown in Fig.5(b).   

Let h ( j )  and ( )jω  denote the pseudo damping ratio and the pseudo natural frequency 

for the j-th eigenvibration.  The definition of h ( j )  and ( )jω  is shown in Appendix-2.  The 

mean value of the peak shear strains in the k-th layer may be evaluated by the response 

spectrum method due to Yang et al. [20].  

 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ){ }max
1 1

1
2

n n
i j i j i jij ij ij

k ss sc ccsk sk sk ck ck ck
k i jh

γ δ ρ δ δ ρ δ δ ρ δ
= =

= + + , (5) 

 

where n  denotes the number of modes to be considered and ( ) ( ) ( ) ( ) ( ), , , ,i i ij ij ij
ss cc scsk ckδ δ ρ ρ ρ  are 

given in Appendix-2 [20].  The effective shear strain in the k-th soil layer is evaluated by 

eff max0.65k kγ γ= × .  

 

3.3 Response spectrum method for structure-pile-soil system 

The efficient finite-element model, as shown in Fig.5(b), with the Winkler-type 
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springs for the pile-soil systems has been proposed in [21-23].  The displacement function of 

the free-field ground is assumed to be linear and that of the pile is assumed to be cubic.  In 

order to satisfy the deformation compatibility at both sides, the horizontal displacement in this 

element is required to be cubic.  Viscous boundaries are incorporated at the bottom of that 

model and a response spectrum method similar to that for the free-field ground [24] is 

developed. 

The Winkler-type spring is modeled as a dynamic spring [1] with frequency dependent 

damping coefficients.  The damping ratios are the combination of the hysteretic one and the 

radiation one and the expression will be shown in numerical examples later.  The frequency-

dependent damping coefficient is transformed into the frequency-independent one evaluated 

at the fundamental natural frequency of the superstructure.   This is essential for the use of the 

response spectrum method.  The area of the free-field ground is very important from the 

viewpoint of numerical stability and the appropriate expression of interaction between the pile 

and the free-field.  In this paper, the area of the free-field ground is assumed to be 

6 21.0 10 ( )m×  based on the fact that the transfer function amplitude of the free-field ground 

surface displacement is stable over the area of 5 21.0 10 ( )m×  [10].  

Once a complex eigenvalue analysis is performed, the procedure of application of the 

response spectrum method explained in the foregoing section to this model can be developed 

straightforwardly. 

The element stiffness matrix for the interaction springs can be found in [21, 22].  The 

corresponding element damping matrix for the interaction dashpots has been taken into 

account.  The consistent masses of the free-field ground and the pile have been considered. 

The mean value of the maximum bending moment and shear force at the pile head 

may be evaluated by 

 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ){ }max
1 1

2
n n

i ij j i ij j i ij j
s ss s s sc c c cc c

i j

M Z Z Z Z Z Zρ ρ ρ
= =

= + +  (6) 

 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ){ }max
1 1

2
n n

i ij j i ij j i ij j
s ss s s sc c c cc c

i j

Q Y Y Y Y Y Yρ ρ ρ
= =

= + +  (7) 
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where 
 

( ) ( ) ( ) ( )Re[ ]ii i i
s DsZ EI S ν κ= × , ( ) ( ) ( ) ( )Re[ ]ii i i

c DcZ EI S ν κ= ×  (8a,b) 
 

( ) ( ) ( ) ( )Re[ ]ii i i
s DsY EI S ν ζ= × , ( ) ( ) ( ) ( )Re[ ]ii i i

c DcY EI S ν ζ= ×  (9a, b) 
 

In Eqs.(8) and (9), EI  is the bending stiffness of the pile and ( )iκ  is the curvature component 

at the pile head in the i-th complex eigenmode.  ( )iζ  is the derivative of the curvature 

component with respect to the pile axial coordinate at the pile head in the i-th complex 

eigenmode. 

In order to investigate the accuracy of the present method using the dynamic Winkler-

type spring, a single pile of diameter=1.0(m) and length=20(m) in a homogeneous semi-

infinite ground of shear wave velocity=100(m/s) and damping ratio=0.05 has been analyzed 

in [10].  It has been demonstrated through the comparison with the thin-layer method [25-27] 

that the present method using the dynamic Winkler-type spring has a reasonable accuracy. 

In addition, for investigating the accuracy of the present method, the comparison with 

the continuum model [23] has been made.  A two-story shear building model on a surface 

ground of two soil layers (depth of each soil layer=10(m), shear wave velocity=100(m/s), 

200(m/s) from the top, pile diameter=1.5(m)) has been analyzed in [10].  It has been disclosed 

that a fairly good correspondence can be seen in the case of using the Rayleigh damping and 

this supports clearly the validity of the present FEM model. 

 

3.4 Extraction of kinematic response 

The kinematic response of the pile-head bending moment due to the forced 

displacement of the free-field ground under no inertial force from the super-structure can be 

evaluated by specifying the zero masses in the super-structure and foundation as explained in 

Section 2 (see Fig.3).  The same analysis model except these zero masses and the same 

analysis method (response spectrum method) can be used. 

 

4. Evaluation of Inertial Response 
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The inertial response can be evaluated conventionally by the pile-head shear force 

totalQ  from the total response and the static response under this pile-head shear force at the 

rest of the free-field ground (no deformation of free-field ground).  Although the static 

response is one possibility (see Fig.2) and may cause difficulties stated in Section 1.1.2, 

another method can be devised.  If the same response spectrum method used for the total 

response and the kinematic response is available, it may be desirable. 

Let rigidQ  and rigidM  denote the maximum dynamic pile-head shear force and bending 

moment of the model with the rigid free-field ground under a response spectrum at the 

engineering bedrock.  It is assumed here that the shear force and bending moment 

distributions of a pile in an inertial response are proportional to those of the model with the 

rigid free-field ground under a response spectrum at the engineering bedrock.  This is 

because, (1) the boundary condition are the same between the inertial response case (a static 

shear force at the pile head for a rigid free-field ground) and the model with the rigid free-

field ground under a response spectrum at the engineering bedrock, (2) the pile inertial force 

effect is negligible in the model with the rigid free-field ground under a response spectrum at 

the engineering bedrock and (3) the pile bending moment in the inertial response is 

concentrated to the narrow range near the pile head.  This issue has also been discussed in 

Section 2.  Since ( ) 0KQ ≅  and ( )total IQ Q≅ , the inertial response (see Fig.3) of the pile-head 

bending moment may be evaluated by  
 

( ) ( / )I rigid total rigidM M Q Q=  (10) 
 

This relation has been validated from the fact that the sum of the super-structure inertial 

forces in the total response is approximately equal to the inertial one ( ( )total IQ Q≅ ) and that 

the shear force and bending moment distributions of a pile in an inertial response are 

proportional to those of the model with the rigid free-field ground under a response spectrum 

at the engineering bedrock due to the above-mentioned reasons. 

 

5. Numerical Examples 

5.1 Design earthquakes at engineering bedrock surface 
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The design earthquake ground motion mentioned in Section 1.3 is employed here.  In 

the seismic-resistant design code, elastic design is required for the damage-limit level motion 

(the maximum spectral acceleration for damping ratio 0.05 defined for the engineering 

bedrock surface motion as outcropping motion is 1.6(m/s2)) and inelastic design is allowed 

for the safety-limit level motion (the maximum spectral acceleration for damping ratio 0.05 is 

8(m/s2)).  The design acceleration response spectrum SA  (in m/s2 for damping ratio 0.05) in 

terms of natural period T for the damage-limit level motion may be expressed as 

 
0 .64 6.0 ( 0.16 )

1.6 (0.16 0.64 )

1.024 / (0.64 )

A

A

A

S T T s

S s T s

S T s T

= + <
= ≤ ≤
= <

 (11) 

 

The design acceleration response spectrum for the safety-limit level motion can be expressed 

by multiplying Eq.(11) by five.  This design acceleration response spectrum SA  for the 

damage-limit level motion and that for the safety-limit level motion are shown in Fig.4.  This 

spectrum has a tendency similar to the conventional one [28], i.e. the constant acceleration 

region and the constant velocity region exist.  As the amplification factors from the maximum 

acceleration and velocity of the input in terms of damping ratios, those (median type) 

proposed in [28] are used. 

 

5.2 Two ground models: soft and stiff ground models 

Two surface ground models, referred to as ground model A (rather soft ground) and 

ground model B (slightly stiff ground), are considered.  The soil profiles of these two ground 

models are shown in Fig.7.  The SPT values in the soil layers for ground models A and B are 

also shown for reference.  The mass density of surface soil layers is assumed to be 

3 31.8 10 ( / )kg m×  and Poisson’s ratio is 0.45.  The ground model A consists of six soil layers 

on the engineering bedrock (the mass density is assumed to be 3 32.0 10 ( / )kg m× ) and the 

ground model B consists of two soil layers on the engineering bedrock.  In both ground 

models, each soil layer has been divided into sub-layers of thickness of 1(m).  As a result, the 

ground model A consists of 38 sub-layers and the ground model B consists of 30 sub-layers. 
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To evaluate the strain-dependent nonlinearity of the ground, an equivalent linearization 

method [24] has been used.  The strain-dependent nonlinear relations are shown in Fig.8 for 

clay and sand which are taken from the new Japanese seismic-resistant design code revised in 

June 2000.  The effective strain equal to 0.65 ×  (the maximum strain) is assumed and several 

iterations are conducted for convergence.  The derived stiffness reduction ratios and 

equivalent damping ratios by the response spectrum method [10, 24] and the SHAKE 

program [18] for damage-limit level motion are shown in Figs.9 and 10, respectively.  The 

fundamental natural period ( 2 / )G GT π ω=  of the ground model A is 1.0(s) and that of the 

ground model B is 0.6(s).  In case of using the SHAKE program, ground-motion time 

histories are necessary and ten simulated ground motions have been used [10, 24].   

The damping ratios derived here are substituted into the term of the hysteretic damping 

β  and the following radiation damping is added to those ones [1, 2].  

 
5 1

4 4
1 12

1x s s c
x

G x s s

k d V V d
c

k V V

ω ρ ω β
ω

−  
     = + +     
       

    1( 2 )Gω ω≥  (12) 

 

In Eq.(12), xc , d , sρ , sV , cV , xk , 1ω  are the damping coefficient of the interaction dashpot, 

the pile diameter, the soil mass density, the soil shear velocity, the Lysmer’s analogue velocity 

(= sV  here), the Winkler-type stiffness of the interaction spring (strain-dependent equivalent 

one), the fundamental natural circular frequency of the superstructure.  The radiation damping 

ratio is zero in 1 Gω ω≤  and is linear in 1 2G Gω ω ω≤ ≤ .  The final damping ratio at each soil 

layer is evaluated at the fundamental natural frequency of the superstructure as a frequency-

independent one.  These data are used in the computation of the kinematic effect, the inertial 

effect and the total response.  From Figs.9 and 10, it can be seen that the present response 

spectrum method has a reasonable accuracy compared with the SHAKE program. 

The accuracy of the response spectrum method has been demonstrated by the senior 

author for the total model including the kinematic and inertial effects simultaneously in terms 

of the transfer functions [10].  A Winkler-type continuum model has been used as another 

model for comparison [10].  Another comparison has been made with an actual record and the 
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present method has been proven to be accurate enough when taking into account the strain-

amplitude nonlinearity of soil deposit [23]. 

It has been understood that, by the use of the response spectrum method, these 

distributions of shear forces and bending moments in piles in the analysis of the kinematic 

interaction can be obtained efficiently.  Although the response spectrum method has been 

developed in the analysis of the kinematic interaction only and the overall system including 

both the kinematic and inertial interactions [10], it has been extended in this paper to the case 

including the inertial interaction only. 

 

5.3 Two, six, ten, sixteen and twenty-story building models on two ground models 

(damage-limit level) 

Two, six, ten, sixteen and twenty-story building models on ground models A and B are 

considered.  The floor mass of the building for a single pile is 40×103(kg) and the mass of the 

foundation for a single pile is 120×103(kg).  All the building models have been simplified to 

two-mass models (floor masses are transformed into two masses). A cast-in-place reinforced 

concrete pile is used and its pile diameter is 1.5(m).  The Young’s modulus of concrete is 

2.1×1010(N/m2) and the concrete mass density is 2.4×103(kg/m3).  The fundamental natural 

periods BT  of these models with a fixed base are 0.3, 0.6, 1.0, 1.6 and 2.0(s).  The relation 

between the fundamental natural period of the ground and that of the building model is shown 

in Fig.11 and the constituents of damping mechanisms are also shown.  The radiation 

damping has been included in the 2-story and 6-story models in the ground model A and in 

the 2-story model in the ground model B.  The damage-limit level motion has been used in 

this section. 

Fig.12 shows the maximum bending moment distribution of the pile due to the 

kinematic response, the inertial response and their total response.  On the other hand, Fig.13 

illustrates the corresponding maximum shear force distribution of the pile due to the 

kinematic response, the inertial response and their total response. 

Fig.14(a) shows the maximum pile-head bending moment due to the kinematic effect 

and that due to the inertial effect for 2, 6, 10, 16 and 20-story buildings on the ground model 
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A.  Fig.14(b) presents those for buildings on the ground model B.  Since the kinematic effect 

is determined from the relation between the free-field ground and the pile, the pile-head 

bending moment due to the kinematic effect is almost constant for each ground.  The slight 

difference results from the existence of the radiation damping in some models (2-story and 6-

story models for the ground model A and 2-story model for the ground model B).  On the 

other hand, the pile-head bending moment due to the inertial effect depends on the ground 

and the building model.  It should be noted that, because the ground model influences the 

input ground motion at the ground surface level even if the input is the same at the 

engineering bedrock, the ground model affects the inertial forces on the building. 

It can be observed from Fig.14(a) that, since the fundamental natural period BT  (1.0s) 

of the 10-story building with fixed base coincides with the fundamental natural period GT  

(1.0s) of the ground model A, the pile-head bending moment due to the inertial effect of the 

10-story building on the ground model A exhibits  the largest value compared to other 

building models.  A similar phenomenon can be observed in the 6-story building (fundamental 

natural period=0.6s) on the ground model B (fundamental natural period=0.6s) (see 

Fig.14(b)).  It may be interesting to note that the inertial effect becomes smaller as the ratio of 

the fundamental natural period of the building to that of the ground becomes far from 1.0 

even if the number of stories becomes large. 

Fig.15 shows the accuracy of the simple (direct) sum and the SRSS evaluations.  The 

simple sum and the SRSS are defined by 

Simple sum=[inertial response]+[kinematic response] (13) 

SRSS=([inertial response]2+[kinematic response]2)0.5 (14) 

It can be observed that, at G BT T=  the true pile-head bending moment exhibits an 

intermediate response between the simple (direct) sum and the SRSS.  On the other hand, 

when G BT T> , the simple sum provides a better estimation in general.  In case of G BT T< , the 

SRSS gives a better estimation.  However, when BT  is near GT , the proposed response 

spectrum method should be used.  The simple sum often provides too conservative results. 

For more detailed investigation, the analysis for pile diameters 1.0(m) and 2.0(m) has 

been conducted.  While the case of the pile diameter 1.0(m) for the 16-story and 20-story 
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buildings and the pile diameter 2.0(m) for the 2-story and 6-story buildings may seem 

unrealistic, those cases are also treated for comparison.  Fig.16(a) shows the maximum pile-

head bending moment due to the kinematic effect and that due to the inertial effect for 2, 6, 

10, 16 and 20-story buildings with the pile diameter 1.0(m) on the ground model A.  On the 

other hand, Fig.16(b) presents that for the ground model B.  Figs.17(a) and (b) illustrate the 

accuracy of the simple sum and the SRSS evaluations for the pile diameter 1.0(m).  

Furthermore Figs.18(a), (b) and 19(a), (b) show the corresponding figures for the pile 

diameter 2.0(m).  It can be observed from these figures that the findings on the superposition 

rule of the kinematic and inertial responses obtained in the previous paragraph also apply to 

other cases with different pile diameters.  It can also be concluded that, while larger piles 

make the design safer from the viewpoint of the inertial response, those do not necessarily 

lead to a safer design from the viewpoint of the kinematic response.  It seems that there exists 

an optimal pile size which makes the total response minimum.  This issue is open to further 

investigation. 

 

5.4 Two, six, ten, sixteen and twenty-story building models on two ground models 

(safety-limit level) 

Further analysis has been conducted for the building models under the safety-limit 

level motion at the engineering bedrock.  Although the responses of superstructures and piles 

may often be in the plastic range under severe input motions, only elastic responses are 

considered here for the purpose of verifying the superposition rules even under the safety-

limit level motion.  The stiffness reduction ratios and equivalent damping ratios by the 

response spectrum method [10, 24] and the SHAKE program for safety-limit level motion are 

shown in Figs.20 and 21, respectively.  The fundamental natural period ( 2 / )G GT π ω=  of the 

ground model A is 1.6(s) and that of the ground model B is 1.2(s).  As in the case of damage-

limit level motion, ten simulated ground motions have been used in case of using the SHAKE 

program. 

Fig.22(a) shows the maximum pile-head bending moment due to the kinematic effect 

and that due to the inertial effect for 2, 6, 10, 16 and 20-story buildings on the ground model 
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A.  Fig.22(b) presents those for buildings on the ground model B.  The pile diameter is 

1.5(m).  It can be observed that, while the amplification of the safety-limit level motion from 

the damage-limit level motion is five, the response amplification is much smaller than five.  

This may result from the increase of damping and the nonlinear amplification effect due to 

change of equivalent soil stiffness. 

Fig.23 shows the accuracy of the simple (direct) sum and the SRSS evaluations.  It can 

be observed that, while the simple sum provides a better estimation in general in the case of 

G BT T> , the SRSS gives a better estimation in the case of G BT T< .  It can also be understood 

that in some cases the total response is smaller slightly than the SRSS evaluation and larger 

slightly than the simple sum.  However its difference may be negligible. 

It may be concluded that the seismic response of the maximum bending moments and 

shear forces in piles can be evaluated efficiently and reliably by the proposed response 

spectrum method with an appropriate understanding of kinematic and interaction components.  

Furthermore the superposition method of the kinematic and inertial pile responses has been 

made clear for any relationship between the fundamental natural period of the super-structure 

and that of the ground. 

The appropriateness of using the fixed-base natural period instead of the coupled 

model natural period should be discussed.  The coupled natural period of the 2-story building 

model on Ground A (rather soft ground) under the damage-limit level input is 0.305(s) and 

that under the safety-limit level input is 0.307(s).  Therefore the effect of the coupled natural 

period on the combination between inertial and kinematic effects seems to be negligible. 

 

6. Accuracy and Reliability of Proposed Response Spectrum Method 

6.1 Comparison with recorded data 

Since it seems meaningful to investigate the accuracy and reliability of the present 

response spectrum method, the comparison of the results by the present method with the 

recorded data [29] is provided in Appendix 3 (Figs.24, 25). 

 

6.2 Comparison with multi-input model including nonlinear horizontal interaction 
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springs 

In order to further investigate the accuracy and reliability of the present response 

spectrum method, a time-history analysis has been conducted and compared using the multi-

input model where the interaction spring is modeled by the Hardin-Drnevich model and the 

Masing hysteretic rule.  The analysis model is shown in Fig.26.  The damping coefficients of 

the interaction dashpots have been evaluated based on the radiation damping component in 

Eq.(22).  Fig.27 shows the comparison of the pile bending moments between the present 

response spectrum method and a multi-input model including nonlinear horizontal interaction 

springs placed at every pile node (every 1m).  In the multi-input model, a response-spectrum 

compatible ground motion (damage-limit level input; Ground A; 2-story model) has been 

generated at the bedrock and the ground motions at different underground levels (every 1m) 

have been generated by using the SHAKE program.  This procedure has also been repeated 

for the safety-limit level input (Ground A; 2-story model).  It should be noted that, while the 

response spectrum method provides a mean peak response, the multi-input model gives one 

response result to one input ground motion.  It can be observed that, while the present 

response spectrum method provides a somewhat different response distribution of pile 

stresses, especially for the safety-limit level input, the overall properties including the pile-

head bending moment can be predicted within an acceptable accuracy. 

Fig.28 shows the hysteretic responses of the soil-pile spring at the top for the damage-

limit level input and the safety-limit level input. 

 

6.3 Earth pressure effect 

The present paper does not include the earth pressure acting on the embedded 

foundation.  In [8, 9], the effect of the earth pressure acting on the embedded foundation is 

considered.  The focusing point in this paper is to investigate the accuracy and reliability of 

the superposition method even for a simple case without the earth pressure.  Especially the 

proposal of a unified method (same analysis model and method) for both kinematic and 

inertial effects is a unique point.  However it seems meaningful to investigate its effect even 

approximately. 
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The effect of earth pressure acting on an embedded foundation may be examined by 

modifying the stiffness of the soil-pile spring because the effect of earth pressure acting on an 

embedded foundation can be expressed by the additional horizontal resistance.  As an 

example, the stiffnesses of the top three soil-pile springs in the response analysis model in 

Section 6.2 have been varied (100 multiples of the original values).  Fig.29 shows the 

comparison of the maximum pile bending moments under the damage-limit level input 

(Ground A; 2-story model) between the original model and the modified model, simulating 

the earth pressure acting on an embedded foundation, for varied stiffness of three pile-soil 

springs near the ground surface (100 multiples of the original values).  It can be observed that 

the increase of stiffness of top three soil-pile springs changes the maximum pile bending 

moment to some extent.  It should be remarked that, while the increase of the soil-pile spring 

stiffness leads to the reduction of the pile bending moment due to the inertial effect, it leads to 

the increase of the pile bending moment due to the kinematic effect.   

In order to investigate the change of the ratio of the inertial effect to the kinematic 

effect, the proposed response spectrum method has been used.  Fig.30 presents the maximum 

bending moment distribution of the pile due to the kinematic response, the inertial response 

and their total response computed by the proposed response spectrum method which 

corresponds to the topmost one in Fig.12(a) (Ground A; 2-story building model).  The 

stiffness of upper two interaction elements has been increased 100 times based on the 

equivalence with the increase of stiffness of three pile-soil springs near the ground surface 

employed in Fig.29 for investigating the earth pressure effect.  It can be observed that, while 

the increase of the soil-pile spring stiffness leads to the reduction of the pile bending moment 

due to the inertial effect, it leads to the increase of the pile bending moment due to the 

kinematic effect.  This property certainly guarantees the insensitive characteristic of the pile 

bending moment to the change of the soil-pile spring stiffness (inclusion of the earth 

pressure).  Although it is explained in [8, 9] that the embedment of a foundation usually 

reduces the pile stress in a non-liquefaction case, it seems that its effect depends on the model 

investigated.  Further investigation will be necessary to include this effect in a more reliable 

manner. 
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6.4 Pile group effect 

Only a single pile is considered in this paper.  The inclusion of the pile group effect and 

the effect of pile position (inner or outer: see Appendix 3) causes much difficulty.   

The pile group effect was investigated by the senior author in the reference [30] by 

using the method due to [31].  It was made clear that the pile group effect reduces the soil-pile 

spring stiffness in general.  As shown in Section 6.3, while the increase of the soil-pile spring 

stiffness leads to the reduction of the pile bending moment due to the inertial effect, it leads to 

the increase of the pile bending moment due to the kinematic effect.  Conversely, when the 

soil-pile spring stiffness is reduced, the inertial effect is increased and the kinematic effect is 

reduced.  Although the variation of the pile bending moment is insensitive to the change of 

the soil-pile spring stiffness, it depends on the model of the pile and soil.  Furthermore, the 

ratio of the inertial effect and the kinematic effect also depends on the model of the pile and 

soil.  The result in the reference [30] is concerned with the transfer function, not the 

earthquake response, and the earthquake response including pile group effects requires the 

computation in the frequency domain.  Simultaneous consideration of the frequency-

dependent property of a soil-pile spring and its nonlinear elastic-plastic behavior need 

complicated and difficult task.  Therefore the clarification of the superposition rule of the 

inertial effect and the kinematic effect under the pile group effect may require further 

investigation. 

The effect of rotation of pile head may be a topic of future investigation.  It is expected 

that the placement of a rotational spring at the pile top will enable the consideration of such 

pile-head rotation. 

 

7. Conclusions 

The conclusions may be summarized as follows: 

(1) A response spectrum method in terms of complex modal quantities can be used in the 

evaluation of the maximum kinematic and inertial seismic responses (pile-head moment) 

of a pile-soil model to a ground motion defined at the engineering bedrock surface. 
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(2) The kinematic response, the inertial response and the total response can be evaluated by 

the same analysis model by changing the model parameters.  This is an advantageous 

feature of this paper.  Since the forced displacement of the free-field ground (action 1) and 

the inertial force from the super-structure (action 2) are two major actions, action 1 can be 

performed by specifying zero masses in the super-structure and foundation and action 2 

can be attained by specifying the zero displacement of the free-field ground (by specifying 

rigid stiffness for free-field ground) with a modification factor for a total inertial force. 

(3) The accuracy of the simple (direct) sum or the SRSS of the kinematic response and the 

inertial response has been investigated numerically for the evaluation of the maximum 

pile-head moment.  The validity of the simple sum or the SRSS depends on the relation 

between the fundamental natural period of the surface soil ground and that of the 

superstructure.  In the case where the fundamental natural period of the superstructure is 

shorter than that of the surface ground, the simple sum is appropriate.  On the other hand, 

in the case where the fundamental natural period of the superstructure is longer than that 

of the surface ground, the SRSS is appropriate.  Although this general property is known 

partially in the practical design [6, 8, 9], more comprehensive investigation has been 

conducted. 

(4) When the fundamental natural period of a superstructure is close to that of the surface soil 

ground, the actual total response of the pile-head moment tends to become an average 

value of the simple sum and the SRSS.  Even in this case, the proposed unified response 

spectrum method plays an important role. 

(5) When the nonlinear property of soil is considered, the proposed response spectrum method 

provides a reasonable accuracy under the damage-limit level input both for the maximum 

pile bending moment and the distribution in its depth direction.  On the other hand, the 

proposed response spectrum method provides a reasonable accuracy under the safety-limit 

level input only for the maximum pile bending moment.  The distribution in its depth 

direction exhibits a slightly deteriorated one. 

 

From the viewpoint of the change of the ratio of the inertial effect to the kinematic 
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effect between the damage-limit level input and the safety-limit level input, in addition to the 

variation of soil-pile spring stiffness, the variation of soil-pile dashpot damping plays another 

important role in the evaluation of such ratio.  This fact leads to a complicated situation.  

Further investigation will be necessary to include this effect in a more reliable manner. 
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Appendix-1 

The equations of motion for the model shown in Fig.6 may be described by 
 

1 1 1 1 0( ) ( ) 0gm u u k u u− + − − =   (A1a) 
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0 0 1 1 0 0 0( ) ( ) ( ) 0g I G Pm u u k u u k u u k u− + + − − − − =   (A1b) 
 

0( ) ( ) 0G g G I G G Gm u u k u u k u− + + − − =   (A1c) 

 

Since the free-field ground is not influenced by the response of the structure-pile 

system, it is assumed here that  
 

0 1,Gm m m>>  (A2a) 
 

1, ,G I Pk k k k>>  (A2b) 
 

The present model can be solved first by obtaining Gu  from 
 

G G G G G gm u k u m u+ = −   (A3) 

 

Eq.(A3) was derived by applying the assumption of Eq.(A2b) to Eq.(A1c). 

For the computed Gu  and the given gu , the remaining response quantities can be 

derived from  
 

1 1 1 1 0 1( ) gm u k u u m u+ − = −   (A4a) 
 

0 0 1 1 0 0 0 0( ) I P g I Gm u k u u k u k u m u k u− − + + = − +   (A4b) 

 

This is a multi-input problem from the engineering bedrock and the ground surface. 

 

Appendix-2 

Each soil layer is modeled by a finite-element procedure [10, 21] using a linear 

displacement function.  When a sufficiently small thickness of a soil layer is selected, this 

element provides a reasonable accuracy.  The governing area of the ground is assumed to be 

unity here.  The system mass and stiffness matrices M, K are then expressed by 
 

1 1

,
N N

i i
i i= =

= = M m K k  (A5a, b) 

 



 27

( )

0

0

i
i

 
 

=  
  

m m




, ( )

0

0

i
i

 
 

=  
  

k k




 (A6a, b) 

 

where 
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i i
soil soili
i i
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m m

m m

 
=  
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( ) ( )

( )
( ) ( )

i i
soil soili

i i
soil soil

k k

k k

 −
=  

−  
k  (A7a, b) 

 

In Eqs.(A6a, b), im  and ik  are the element mass and stiffness matrices, respectively, of the i-

th layer and ( )i
i isoilm hρ= , ( ) /i

i isoilk G h= .   

The damping matrix C is described by 
 

11

2N
i

i b
Gi

β
ω=

 
= + 

 
C k C  (A8) 

 

where 1Gω  is the fundamental natural circular frequency of the surface ground and bC  is the 

element damping matrix consisting of the damping coefficient N NGρ  of the viscous 

boundary at the bottom of the surface ground. 

Let ( )jΛ  and u( j)  denote the j-th complex eigenvalue and the j-th complex eigenvector 

of the ground system.  The governing equation of the j-th damped free vibration may be given 

by 
 

( ) ( )( )2 ( )j j jΛ + Λ + =M C K u 0 . (A9) 

The eigenvectors ( )ju  satisfy the following conditions of orthogonality.   
 

( ) ( )( ) ( ) ( ) ( ) ( ) 0 ( )r s r T s r T s r sΛ + Λ + = ≠u Mu u Cu  (A10a) 

 
( ) ( ) ( ) ( ) ( ) ( ) 0 ( )r s r T s r T s r sΛ Λ + = ≠u Mu u Ku  (A10b) 

 

The superscript T denotes the transpose of a vector. 

Let ( )jΛ  and u( j)  be expressed as 
 

( ) ( ) ( )ij j jα βΛ = +  (A11a) 
 

( ) ( ) ( )ij j j= +u Φ Ψ  (A11b) 
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where i is the imaginary unit.  The following condition of normalization is employed. 
 

Φ ( j )TMΦ( j ) + Ψ ( j)T MΨ ( j ) = 1 (A12a) 
 

Φ ( j )TMΨ ( j) = 0  (A12b) 
 

Eq.(A12a) is equivalent to u ( j )TMu( j ) = 1  ( u ( j ) ; the complex conjugate of u( j) ) and 

Eq.(A12b) is another normalization condition independent of Eq.(A12a).  From these 

conditions, the vectors ( )jΦ  and ( )jΨ  can be determined. 

For the sake of compact expression, the following complex participation factor for the j-

th eigenvibration is introduced [10, 21]. 
 

( )
( )

( ) ( ) ( )

1

1 i

j T
j

j T j j
ν

χ
=

+
u M1

u Mu
, (A13) 

 

where 1 = {11}T  and 
 

( ) ( ) ( )
( )

( ) ( )( )2

1

21

j j T j
j

j T jj
d

h

h
χ

ω
= −

−

u Cu

u Mu
 (A14) 

 

The pseudo damping factor h ( j )  and the pseudo natural frequency ( )jω  for the j-th 

eigenvibration may be defined as 
 

h ( j ) = u ( j)T Cu( j) / (2ω( j ))  (A15a) 
 

2( ) ( ) ( )Tj j jω = u Ku  (A15b) 
 

The parameters α ( j )  and β ( j)  in equation (A11a) may be expressed as ( ) ( ) ( )j j jhα ω= −  and 
2( ) ( ) ( )1j j jhβ ω= ± −  in terms of h ( j )  and ( )jω . 

 
( ) ( ) ( ) ( ) ( ), , , ,i i ij ij ij

ss cc scsk ckδ δ ρ ρ ρ  in Eq.(5) are as follows: 
 

( ) ( ) ( ) ( ) ( )
1Re[ { }]i i i ii

Dssk k kS u uδ ν −= − , (A16a) 
 

( ) ( ) ( ) ( ) ( )
1Im[ { }]i i i ii

Dcck k kS u uδ ν −= − . (A16b) 
 

( ) ( ) ( )8 ,ij i j
ss ij ij ija c dρ ω ω=  (A17a) 

 
2 2( ) ( ) ( )4 (1 )(1 ) ,ij i j

cc ij ij ij ija b c d h hρ  = + + 
 

 (A17b) 
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2 2( )( ) ( ) ( )4 2 1jij i j
sc ij ij D ija b d hρ ω ω   = − +      

. (A17c) 

 
( )ij
ssρ  denotes the correlation coefficient between the mode i and the mode j in the sine-sine 

spectrum.  ( )ij
scρ  indicates that in the sine-cosine spectrum and ( )ij

ccρ  denotes that in the cosine-

cosine spectrum.  Re[ ]⋅  and Im[ ]⋅  denote the real and imaginary parts, respectively, of a 

complex number.  The parameters aij ,bij ,cij ,dij  in Eq.(A17) can be defined by 

 
2 2( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ), 2 ,i j i j i j i j i j

ij ija h h b h hω ω ω ω ω ω= = + +  
 

cij = h (i )ω (i) + h ( j )ω ( j ), dij = bij
2 − 4ωD

(i)2
ωD

( j)2
 (A18a-d) 

 

Furthermore the sine spectrum SDs
(i )  and cosine spectrum SDc

(i )  in Eq.(A16) are the mean values 

of max [ ( )], max [ ( )]t i t iS t C t , respectively.  Here Si (t),Ci (t) are defined by 

 
( )

0
( ) ( ) ( )

t i
i gS t g t u dτ τ τ= −   (A19a) 

 
( )*

0
( ) ( ) ( )

t i
i gC t g t u dτ τ τ= −   (A19b) 

 
where 

 

{ }( ) ( )( ) ( ) ( )
( )

1
( ) sin ( )

i ii h t i
Di

D

g t e tω ω
ω

−= −  (A20a) 

 

{ }( ) ( )( )* ( ) ( )
( )

1
( ) cos ( )

i ii h t i
Di

D

g t e tω ω
ω

−= −  (A20b) 

 

SDs
(i )  is equivalent to the displacement response spectrum and SDc

(i )  is assumed to be also 

equivalent to the latter.  This assumption seems to be valid in the period range to be discussed 

here.  The parameter ( )i
ku  in Eq.(A16) denotes the component in the i-th complex eigenvector 

u(i)  corresponding to the k-th nodal displacement ku  and 
2( ) ( ) ( )1i i i

D hω ω= − . 

 

Appendix-3  

In order to investigate the accuracy and reliability of the present response spectrum 

method, a comparison has been made for an actual building with piles [29].  The overview of 

the building-pile model in Yokohama, Japan is shown in Fig.24.  This steel-frame building 
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consists of 12 stories and is supported by 20 cast-in-place reinforced concrete piles, 35m long 

and 1.7m in diameter.  To compare the peak response of bending strains of piles, an overall 

interaction system as shown in Fig.5(b) has been used.  This overall interaction model 

includes the present Winkler-type soil element and the difference is the shape functions for 

the free-field ground and piles, i.e. a linear function for the free-field ground and a cubic 

function for the piles.  Fig.25(a) shows the shear wave velocity profile of the ground.  

Fig.25(b) illustrates the comparison of the peak pile bending strain computed by the analytical 

model including the present Winkler-type soil element with that recorded during an 

earthquake in 1992.  A fairly good agreement can be observed near the pile head and this 

demonstrates the validity of the present response spectrum method.  This bending strain 

contains both the inertial effect and the kinematic effect.  It may also be said that the pile-

group effect is rather small in this case. 
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Fig.1 Effect of the forced displacement of free-field ground (action 1) and the effect of the 
inertial force from superstructure (action 2) 

 

 
 

Fig.2 Kinematic effect and inertial effect in the evaluation of pile-head moment in the 
conventional static method 

 

 
 

Fig.3 Kinematic effect and inertial effect in the evaluation of pile-head moment in the 
dynamic method 
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Fig.4 Two-level acceleration response spectra at engineering bedrock surface for the 

evaluation of the seismic safety of low and medium-rise buildings lower than 60m in  
Japanese seismic-resistant design code (Standard Building Law in Japan) 

 

 

 
(a) (b) (c) 

 
Fig.5  Three approaches to using acceleration response spectra at the engineering bedrock 

surface; (a) Amplification of response spectrum, (b) Overall interaction system, (c) 
Substructure model subjected to multiple inputs 
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Fig.6 Simple structure-pile-soil system connected to free-field ground 

 

 

0 100 200 300 400 500

Ground A
0

5

10

15

20

25

30

35

40

shear wave velocity (m/s)

D
ep

th
 (m

)

GL-
sand

sand

clay

clay

sand

clay

clay Engineering Bedrock

SPT value=2

SPT value=3

SPT value=4

SPT value=2

SPT value=22

SPT value=3
SPT value
=44

  
0 100 200 300 400 500

Ground B
0

5

10

15

20

25

30

35

40

shear wave velocity (m/s)

D
ep

th
 (m

)

GL-

clay

sand

clay
Engineering Bedrock

SPT value=6

SPT value=14

SPT 
value
=66

  
Fig.7 Soil profiles of two ground models A and B and SPT values [10] 
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Fig.8  Dependence of shear moduli and damping ratios on the strain level [24] 
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Fig.9 Convergent shear modulus ratio to the initial one (damage limit level): 

response spectrum method and SHAKE for one simulated motion [24] 
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Fig.10 Convergent damping ratio (damage limit level): response spectrum method 
and SHAKE for one simulated motion [24] 
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Fig.11 Relation between the fundamental natural period of the ground and that of the building 
model and the constituents of damping mechanisms: (a) Ground model A, (b) Ground model B 
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 (a) Ground A (b) Ground B 
Fig.12 Maximum bending moment distribution of the pile due to the kinematic response, the 

inertial response and their total response 
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Fig.12 (Continued) Maximum bending moment distribution of the pile due to the kinematic 
response, the inertial response and their total response  
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Fig.13 Maximum shear force distribution of the pile due to the kinematic response, the 
inertial response and their total response 
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Fig.13 (Continued) Maximum shear force distribution of the pile due to the kinematic 
response, the inertial response and their total response  
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Fig.14 Maximum pile-head bending moment due to the kinematic effect and that due to the 
inertial effect for 2, 5, 10, 16 and 20-story buildings with pile diameter 1.5m (Ground A and 

Ground B) 

 

 

 
 

Fig.15 Comparison of the maximum pile-head bending moment for pile diameter 1.5m among 
(i) simple (direct) sum of kinematic and inertial responses, (ii) SRSS of kinematic 

and inertial responses and (iii) total (true) one 
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Fig.16 Maximum pile-head bending moment due to the kinematic effect and that due to the 
inertial effect for 2, 5, 10, 16 and 20-story buildings with pile diameter 1.0m (Ground A and 

Ground B) 

 

 

 
 

Fig.17 Comparison of the maximum pile-head bending moment for pile diameter 1.0m among 
(i) simple sum of kinematic and inertial responses, (ii) SRSS of kinematic and 

inertial responses and (iii) total (true) one 
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Fig.18 Maximum pile-head bending moment due to the kinematic effect and that due to the 
inertial effect for 2, 5, 10, 16 and 20-story buildings with pile diameter 2.0m (Ground A and 

Ground B) 

 

 

 
 

Fig.19 Comparison of the maximum pile-head bending moment for pile diameter 2.0m among 
(i) simple sum of kinematic and inertial responses, (ii) SRSS of kinematic and 

inertial responses and (iii) total (true) one 
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Fig.20 Convergent shear modulus ratio to the initial one (safety limit level) : 
response spectrum method and SHAKE for one simulated motion [24] 
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Fig.21 Convergent damping ratio (safety limit level) : response spectrum method 
and SHAKE for one simulated motion [24] 
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Fig.22 Maximum pile-head bending moment due to the kinematic effect and that due to the 
inertial effect for 2, 5, 10, 16 and 20-story buildings under safety-limit level motion (Ground 

A and Ground B) 

 

 

 
 

Fig.23 Comparison of the maximum pile-head bending moment under safety-limit level 
motion among (i) simple sum of kinematic and inertial responses, (ii) SRSS of 

kinematic and inertial responses and (iii) total (true) one 
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Fig.24  12-story steel building with 20 piles at Yokohama in Japan [23] 
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Fig.25  (a) shear wave velocity profile of the ground, (b) comparison of the peak pile bending 
strain computed by the analytical model including the present Winkler-type soil 
element with that recorded during an earthquake in 1992 [23] 
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Fig.26  Response analysis model 
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(a)Damage-limit level input         (b)Safety-limit level input 

Fig.27 Comparison of pile bending moments between the present response spectrum method 
and the multi-input model with nonlinearity (Damage-limit level input and Safety-
limit level input; Ground A; 2-story building model) 
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Fig.28 Hysteretic behavior of non-linear soil-pile spring at ground surface level (top spring) 
with respect to deformation (Damage-limit level input and Safety-limit level input; 
Ground A; 2-story building model) 
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Fig.29 Comparison of maximum pile bending moments under damage-limit level input 

between original model and modified model, simulating earth pressure acting on  
embedded foundation, for varied stiffness of three pile-soil springs near ground 
surface (100 multiples of original value) 
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Fig.30 Maximum bending moment distribution of the pile due to the kinematic response, the 

inertial response and their total response computed by the proposed response spectrum 
method which corresponds to the topmost one in Fig.12(a) (Ground A; 2-story 
building model; stiffness of upper two interaction elements has been increased 100 
times) 

 
 


