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Abstract. To calculate the response of a multi-storey structure (MDOF model) with struc-

ture-foundation-soil interaction (SFSI), for simplicity the structure is often assumed as a 

SDOF model corresponding to the fundamental mode. However, depending on the distribu-

tion of mass and stiffness of the structure, the contribution of the fundamental mode may vary. 

The contribution of the higher modes to the response of the structure could become more sig-

nificant. This study reveals the effect of higher modes on the response of structure including 

SFSI. The response of a multi-storey structure and the response associate with the fundamen-

tal mode of the structure are compared. To calculate the response of structures with SFSI, a 

macro element model is used to simulate the plastic soil deformation. The consequence of us-

ing a SDOF model for the structural response including nonlinear SFSI is discussed. 
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1 INTRODUCTION 

For structures with a shallow footing, seismic forces induced by a ground excitation may 

cause a moment at the footing to exceed the elastic limit of the foundation soil. Consequently, 

soil bearing failure may occur. It is commonly accepted that nonlinear soil behaviour should 

be avoided in seismic design by providing more than sufficient foundation bearing strength. 

However, it has been observed that although the footing has been properly designed, the 

structure can still experience plastic deformation of foundation soil during earthquake [1-6]. 

Examples can be found in almost all major earthquakes, e.g. Valdivia Earthquake 1960 [2], 

Michoacan Earthquake 1985 [3], Kobe Earthquake in 1995 [4], Izmit Earthquake 1999 [5, 6], 

and the 2010 Darfield and 2011 Christchurch earthquakes [7]. Study of the response of struc-

ture with nonlinear SFSI is thus relevant. 

Observations of buildings following major earthquakes e.g. Housner [2] and Gazetas et al. 

[5] showed that structures experiencing minor nonlinear SFSI, in fact, performed better than 

expected. These observations triggered a number of analytical and numerical investigations. 

Yim and Chopra [8] developed one of the first SFSI models using a Winkler foundation. The 

flexibility and damping of the supporting soil were represented by independent spring-damper 

elements distributed over the width of the foundation. Psycharis and Jennings [9] extended the 

study by simplifying the Winkler foundation model using a two-spring foundation model. 

Psycharis [10] used the Winkler foundation model to conduct a parametric study. The influ-

ence of damping ratio, aspect ratio and stiffness ratio between the structure and the supporting 

spring on the structural response was investigated. Based on the results obtained from these 

analytical models [8-10], a series of response spectra were proposed to determine the seismic 

response of structures on flexible supporting ground. Recently, numerical methods were also 

developed to incorporate the nonlinearity of soil. The response of a structure with SFSI calcu-

lated using finite-element approach was discussed by Wolf [11]. Nova and Montrasio [12] 

proposed an equation to calculate the movement of the footing during soil plastic deformation. 

This equation was incorporated in a macro element model so that the response of structure 

with nonlinear SFSI can be calculated [13]. Chouw and Hao [14] also numerically studied and 

showed that SFSI can affect the pounding force between adjacent bridge structures.  

For simplicity, most numerical studies of structures with SFSI use a single-degree-of-

freedom (SDOF) system to represents the structure. The contribution of higher modes to the 

total response of the structure with SFSI was neglected. Depending on the distribution of 

mass and stiffness of the structure, the contribution of the higher modes to the response of the 

structure could be significant. This study reveals the effect of higher modes on the response of 

a structure with SFSI. The response of a two storey structure with SFSI was numerically cal-

culated by representing the structure using a SDOF system and a 2-degree-of-freedom (2DOF) 

system. To include the effect of nonlinear SFSI, a macro element model is used.   

 

2 NUMERICAL SIMULATION 

2.1 Higher mode of structure 

The structure used for this study was a two storey steel building. The structure had a storey 

height of 3 m and floor area of 25 m
2
. For the 1

st
 floor and the roof, the seismic mass was 

42000 kg and 21000 kg, respectively. The columns of the structure were 250UC72.9 steel 

section. The footing mass (mo) was 42000 kg. The beams and foundation were assumed rigid. 

The structure can be described using a 2DOF system. Each DOF represented the horizontal 

5827



X. Qin, N. Chouw and T. Larkin 

movement at the floor level. The lateral bending stiffness of each floor can be calculated us-

ing the total bending stiffness of the columns.  

The structure can also be represented using a SDOF system. An equivalent base shear 

method was used to obtained the effective mass (m
*
) and height (h

*
). The procedure is de-

scribed e.g. by Chopra [15]. The effective mass and height of the SDOF system was deter-

mined to be 61000 kg and 4.3 m, respectively. The effective mass represented 96.8% of the 

total mass of the structure. The fundamental frequency of the SDOF system was defined to be 

the same as that of the two storey structure. Figure 1 shows the parameters of the 2DOF sys-

tem and the SDOF system. The footing mass and size of the SDOF system were identical to 

that of the 2DOF system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The 2DOF system and the equivalent SDOF system. 

2.2 Macro element model  

The response of a structure with nonlinear SFSI was calculated with the help of a macro 

element model. The concept of the model is to simplify the response of a foundation-soil sys-

tem using three degrees of freedom. They are the vertical, horizontal displacements and rota-

tion of the center of the foundation. With these additional DOFs at the footing location, the 

effect of footing response under the deformation of foundation soil can be included. Figure 2 

shows the macro element model. The elastic stiffness of the 3DOF footing system can be cal-

culated using the formulation described in Chouw and Hao [14].  
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Figure 2: The macro element model. 

2.3 Nonlinearity of the foundation system  

The nonlinearity of the structure-foundation-soil system is described at the 3DOF of the 

foundation system. The nonlinearity will be initiated when a bearing failure of soil is intitiated. 

To determine the initiation of the bearing failure, a bearing strength surface was considered. 

Nova and Montrasio [12] have proposed an equation for determining the initiation of a bear-

ing failure of a strip footing on sand (Eq. (2)). The equation was developed and improved 

though a number of experimental and numerical studies (e.g. [16]). 
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where B is the width of the foundation; Vmax is the ultimate bearing capacity of foundation soil 

under vertical centered load; ψ, μ and ξ are the parameters of the bearing strength surface and 

suggested to be 0.43, 0.9 and 0.95, respectively [16]; F is a vector which contains the horizon-

tal, vertical actions and moment at the foundation (H, V and M in Figure 2).  

 

With F calculated using the product of the stiffness matrix (kF) and the displacement vec-

tor (uF) of the foundation. Eq. (2) can be evaluated. If f(F) < 0, the combined action of a shal-

low foundation is below the bearing capacity of foundation soil. Bearing failure of the 

foundation soil does not occur. In contrast, a value of f(F) = 0 indicates that the foundation 

action will cause bearing failure. Theoretically, it is impossible to have a value of f(F) > 0, 

since the soil cannot sustain any actions greater than the bearing capacity. 

 

Once the indication of bearing failure was confirmed, a non-associated flow rule (Eq. (3)) 

was applied to calculate the unrecoverable displacement and rotation of the foundation due to 

soil plastic deformation. 
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where B is the width of the foundation; λ and χ are two non-dimensional parameters, and Vmax 

is the maximum bearing capacity of soil under vertical loading. 

 

This flow rule was originally developed by conducting a large scale shake table test to 

quantify the non-dimensional parameters of Eq. (3) [13, 16 and 17]. For sand, the values of λ 

and χ were suggested to be 2.5 and 3, respectively. In this study, the supporting soil was de-

fined to be sand and had a shear wave velocity of 400 m/s. The Poisson’s ratio and density 

were assumed to be 0.33 and of 1560 kg/m
3
, respectively. It is assumed that the structure be-

haves elastically during the earthquake loading.  
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2.4 Earthquake excitation 

The ground excitation for the nonlinear time history analysis was simulated based on a 

Japanese design spectrum [18]. In this study, medium soil category was considered. This is 

because in general, loose soil is of no practical interest for shallow foundation design. An al-

ternative foundation scheme, such as foundation through piles, is usually preferred. On the 

other hand with dense or very-dense soil condition significant settlements are not likely to oc-

cur [19]. The applied ground acceleration is shown in Figure 3. 

 

 

Figure 3: Ground acceleration. 

 

3 RESPONSE OF STRUCTURE WITH SFSI  

3.1 SFSI with elastic soil  

Figure 4 shows the horizontal displacement (u) at the top of the structure relative to the 

ground. The structure was represented using the SDOF (dashed line) and 2DOF (solid line) 

system, respectively. Considering elastic soil, the horizontal displacement calculated using the 

SDOF system was larger than that using the 2DOF system. Using the SDOF system, the max-

imum top horizontal displacement was 66.4 mm. When considering the 2DOF system, the 

maximum top horizontal displacement was 59.1 mm. The maximum horizontal displacement 

of structure estimated using the SDOF system was 12.4% larger than that calculated using 

2DOF system. It is shown that without considering the higher modes, horizontal displacement 

of structure can be overestimated. 
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Figure 4: Influence of MDOF system on the structural response with linear SFSI 

3.2 Response of structure with nonlinear SFSI 

Figure 5 shows the horizontal relative displacement (u) at the top of the structure with non-

linear SFSI. While the dashed line represents the result calculated using the SDOF, the solid 

line illustrates that obtained considering the 2DOF system. A residual horizontal displacement 

was found at the end of the excitation due to soil plastic deformation. When using the SDOF 

and 2DOF system, the residual horizontal displacement was 4.9 mm and 1.4 mm, respectively. 

Including the structural higher mode, the residual displacement of the structure was smaller. 

The maximum horizontal displacement at the top of the 2DOF system was also smaller than 

that of the SDOF system. The maximum horizontal relative displacement considering the 

SDOF and the 2DOF systems was 62.6 mm and 57.5 mm, respectively. 

 

 

Figure 5: Influence of MDOF system on the structural response with nonlinear SFSI 

 

Using the SDOF and 2DOF systems, the calculated footing rotation (θ) of the structure was 

also different. As shown in Figure 6, the maximum footing rotation calculated using the 

SDOF system was 0.17
o
. Using the 2DOF system, the maximum footing rotation was -0.06

o
. 

At the end of the excitation, the residual rotation of the footing was 0.06
o
 and -0.02

o
 for the 

case of the SDOF and 2DOF, respectively. 

 

 

 

Figure 6: Effect of nonlinear SFSI and 2DOF system on footing rotation   
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4 CONCLUSIONS  

This study focused on the effect of a higher mode on the response of a structure with SFSI. 

The response of a two storey structure was numerically calculated by representing the struc-

ture using a SDOF system and a 2DOF system. The effect of foundation soil deformation was 

included using a macro element model. Both elastic and nonlinear SFSI were considered. The 

mass of the SDOF system represented 96.8% of the total mass of the structure. 

 Despite the mass of the SDOF system represents a large portion of the structural mass, 

the responses of the structure with SFSI calculated using the SDOF and the 2DOF system 

were different. 

 With an elastic soil , the horizontal displacement of the structure calculated without in-

cluding the higher mode was larger. 

 Considering nonlinear soil, the maximum and residual horizontal displacement of the 

structure calculated using the SDOF system was also larger than the corresponding 

2DOF system. 

 Without considering the higher mode, the maximum and residual footing rotation of 

structures during earthquake can be overestimated. 
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