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ABSTRACT: In current design practice, structure and foundation are frequently 

considered separately. Plastic hinge development in structures is accepted. Structural 

rotation resulting from possible excessive soil deformation is sometimes considered to 

have a potential for structural collapse. To avoid plastic deformation of supporting soil 

and temporary separation between footing and ground, an oversized footing is often 

selected. Study of structure-foundation-soil interaction (SFSI) in the past had revealed 

that nonlinearities in the soil and foundation-soil interface can be beneficial to the 

structural seismic performance. Hence, an oversize foundation is not required and the 

structural ductility demand can be reduced. In this work, the possible beneficial effect of 

nonlinear SFSI was investigated. Plastic deformation in structure and soil as well as 

separation between footing and soil were considered simultaneously. The ground 

excitation was applied via shake table, and the soil was represented by a box of sand. 

Structure and earthquake with different dynamic properties were considered. The 

interrelation between earthquake dominant frequencies and structural fundamental 

frequencies is discussed. 

1 INTRODUCTION 

Structure-foundation-soil interaction (SFSI) has been recognized as a major factor controlling the 

seismic performance of structures. During earthquakes, the soil deforms and imposes its movements to 

the structural foundation. The activated inertial forces transmitted back from structural vibration create 

additional response at the soil-foundation interface. Both phenomena occur simultaneously and affect 

the subsequent soil deformation. 

For many years the earthquake engineering community realized that an increase of structural strength 

does not necessarily enhance structural safety. This has led to the development of other design 

principles. Ductile structural design is commonly implemented worldwide. This concept focuses on 

the structural capacity and ductility demand, but gives less attention to the supporting ground. Even 

when foundation compliance is taken into account, large factors of safety are considered and thus lead 

to an oversize footing to eliminate any possible occurrence of plastic deformation of the foundation 

soil. This approach may lead to oversimplification, especially in the case of strong geometrical 

nonlinearities, such as foundation uplift. Furthermore, in the case of earthquakes stronger than the 

design event, neglecting these nonlinear SFSI will make it difficult to exploit energy dissipation 

mechanisms through non-linear plastic deformation of the foundation soil. 

Recently, more and more evidence suggest that minor bearing failure of supporting soil and 

foundation uplift under seismic excitations are not as, previously thought, adverse to the structures, but 

may in contrast be beneficial to structural seismic performance (Housner, 1963; Pecker, 1998; 
Apostolou and Gazetas, 2005; Kawashima et al., 2007; Pender et al. 2008; Anastasopoulos, 2010; Qin 

and Chouw, 2010a). These findings led some engineers to propose a revision of the foundation design 

philosophy by allowing nonlinear SFSI to protect structures from earthquake induced damage 
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(Anastasopoulos, 2010; Kelly, 2009).  

However, even if the beneficial effect of nonlinear SFSI had been confirmed, its application to design 

of structures and their foundations is still very limited. This is because the understanding of nonlinear 

seismic behaviour of structure-foundation-soil system is still insufficient to provide the confidence 

required. The aim of this work is to investigate the simultaneous consequence of plastic hinge 

development in structure, foundation uplift and soil plastic behaviour to the performance of structures 

in earthquakes. The study was performed using shake table and different scaled down structural 

models. Structural ductile behaviour was simulated by an artificial plastic hinge. Nonlinear soil 

behaviour is simulated by plastic deformation of sand in a box. The effect of structural and earthquake 

characteristics on nonlinear SFSI were considered. 

2 STRUCTURE, SOIL AND GROUND MOTION 

2.1 Prototype structure 

The considered structure was a two-storey one-bay steel structure used as an office. The inter storey 

height was 3 m, and the total areas of each level was 25 m
2
. Following NZS3404 (2009), the structure 

was constructed using 250UC72.9 for columns and 360UB50.7 for beam, respectively. Because of the 

interior arrangement, the structure had a column spacing of 2.8 m. For simplicity a foundation size of 

2.8 m x 2.8 m and cantilever beam of 1.1 m on both sides are assumed.  

To investigate the effect of structural characteristics on SFSI, three building interior designs were 

considered. According to NZ1170.5 (2004) these structures had for the ground and first floors a 

seismic mass of 38800 kg, 32000 kg and 24200 kg and for the roof 18000 kg, 15000 kg and 11400 kg, 

respectively. With these properties, the three structural prototypes had the corresponding fundamental 

frequencies of 1.95 Hz, 2.22 Hz and 2.56 Hz.  

2.2 Structural model 

From eigenfunction expansion, the result indicated that the contribution of higher vibration modes to 

the total response were less than 5 % and can be considered as negligible. Hence, to represent the 

prototypes, single-degree-of-freedom (SDOF) models which had the corresponding effective height 

were used. Because of constraints of laboratory facilities, the structures considered must be scaled 

down. For this purpose Buckingham’s π theorem (Buckingham, 1914) and dimensional analysis were 

applied to scale down the prototype structures.  In this study, the scale factor for model dimensions 

and ground motion displacement was pre-defined to be 1/10. The scale factor for mass was 1/7302.4. 

Because SFSI is significantly affected by the duration of temporary foundation uplift, the effect of 

time scale on the overall structural behaviour was unknown. Therefore, physical quantity time was not 

scaled. All other factors were scaled based on the dimensionless groups generated (Qin and Chouw, 

2010b). It is generally considered to be very difficult to scale all material properties in model scaling. 

Duffey (Duffey et al., 1984) suggested that the material scaling could be achieved using the same 

material of the prototype structure to construct the scale down model. 

The final scale models had a lumped mass of 10 kg, 8.25 kg and 6.25 kg, respectively. The total height 

was scaled down to 0.425 m, and the foundation mat was constructed using 0.28 m x 0.28 m rigid 

plate (Fig. 1 (a)). To study the influence of structural plastic behaviour on SFSI, an artificial plastic 

hinge was constructed at the column support (Fig. 1 (b)). Force washer was utilized to control the bolt 

pressure applied on the artificial hinge so that slippage could take place and form a permanent column 

rotation. The reproducibility of the artificial hinge was achieved using Teflon washers. Free vibration 

tests were performed to examine the dynamic properties of the models. The results showed that the 

considered models had the fundamental frequency of 1.97 Hz, 2.2 Hz and 2.56 Hz, respectively, and 

all models had a damping ratio around 3~4 %.  

 

 



3 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Subsoil 

A sand box was used to investigate the effect of soil deformation. Sponges were placed at both sides 

of the box to simulate the extension of sand. Sandpaper was used to minimise possible slippage at the 

base of the box. The soil contained 400 mm depth of sand with 1000 mm x 450 mm surface area. Dry 

sand with a unit weight of 15.5 kN/m
3
 was used. This unit weight was consistently achieved by raining 

the sand from a consistent drop height between 500 mm to 600 mm (Fig. 2 (b)). The sand was tested 

according to NZS4402 (1986) and was found to have a particle size distribution shown in Figure 2 (a) 

and a coefficient of uniformity of 1.86. The final setup of the shake table test with structure on sand is 

shown on the Figure 1 (a). Foundation vertical displacement, structural top horizontal displacement, 

acceleration, and bending moment at the column support were recorded during each experiment. 

These measurements were compared with those obtained from the test of models with a fixed base 

(Fig. 1 (c)).  

 

 

 

 

 

 

 

 

 

 

2.4 Ground motions 

The ground motions were simulated based on Japanese design spectra (Fig. 3 (b), JSCE, 2000). They 

were selected because of their clear defined frequency content (Chouw and Hao, 2005). For the 

fundamental frequencies of the structures with different lumped mass obtained from free vibration 

tests, the acceleration spectrum values of the hard soil (HS) and medium soil (MS) ground motions 

were found to be the same. Thus these two soil type excitations were considered (Fig. 3 (a)). It should 

Figure 2. Particle size distribution of sand and filling procedure to ensure sand uniformity 

(a) 

(b) 

Figure 1. Experimental setup. (a) Model on sand, (b) artificial plastic hinge and (c) model fixed on rigid base 

(b) 

(c) 

Fixed 
(a) 
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be noted that for simplicity in the investigations of structure-foundation-soil interaction (SFSI) the 

same sand is used. At this early-stage the different soil stiffness ground motions are selected only for 

considering ground motions with different dominant frequency content and the actual soil stiffness is 

not considered.  

 

 

 

 

 

 

 

 

 

 

 

3 RESULTS AND DISCUSSION 

3.1 Effect of SFSI on structural performance 

As mentioned earlier, structures with fixed base (see Fig. 1 (c)) and sand support were considered. The 

maximum bending moments at the column support and horizontal displacements at the top of the 

model are displayed in Figure 4. The dark and light vertical bars indicated the models with fixed base 

and with sand support, respectively. A 10 kN bolt pressure was applied on the artificial plastic hinge. 

With this high bolt pressure, no rotation could take place and hence a linear behaviour of the structure 

was ensured. 

The comparisons provided evidence that the foundation response and soil deformation could reduce 

bending moment in the structure. The reductions were 52.5%, 48.47% and 16.74% for model with the 

fundamental frequencies of 2.56 Hz, 2.2 Hz and 1.97 Hz, respectively (Fig. 4 (a)). In contract, the 

corresponding maximum displacements at the top were increased by 15%, 6% and 32%, respectively 

(Fig. 4 (b)). This was because the measured displacements were a combined response of structural 

deflections and foundation response. The greater lumped mass on the structure caused a larger inertia 

force and thus increased the structural horizontal displacement. In addition, for the considered ground 

motions, when SFSI was taken into account, both the maximum bending moment and the maximum 

horizontal displacement were increased with the lower structural fundamental frequencies.  
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Figure 4. SFSI effect on the maximum bending moment at the base and the maximum 

top horizontal displacement  
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Figure 3. Selected ground displacements and the corresponding Japanese design spectra 
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3.2 Effect of soil deformation on structural response 

In the case of an assumed fixed base, the structures with the fundamental frequencies of 2.22 and 1.97 

Hz have a similar maximum top displacement. However, if SFSI effect was considered the structure 

with the fundamental frequency of 1.97 Hz had a larger top displacement. Figure 5 shows the 

foundation rotation time history of these two structures. Both models had similar foundation responses 

before the 10
th
 second. After the first significant rotation, however, a greater permanent rotation was 

observed because a larger vertical stress was applied to the soil from the structure with the 1.97 Hz 

fundamental frequency. This greater deformation could have a significant effect. After every soil 

bearing failure, soil hardening occurred and thus increases the bearing strength of soil. The stiffer the 

supporting soil, the greater the amplitude of foundation uplifts (Chouw and Qin, 2010). The 

foundation response of the 1.97 Hz structure then became much larger than that of the 2.22 Hz 

structure. The measured horizontal displacement was a combined response of the column deflection 

and the foundation rotation, thus the larger the foundation rotation, the greater the total horizontal 

displacement at the top of the structure. 

 

 

 

 

 

 

 

 

 

3.3 Effect of structural plastic response on SFSI 

In current structural seismic design, ductile behaviour is permitted in the structural members to reduce 

the earthquake impact on structures. To investigate the influence of structural plastic behaviour on 

SFSI, the bolt pressure applied on the artificial hinge was reduced. The experiment was performed 

using the HS ground motions (Fig. 3 (a)). Figure 6 shows the relation between bending moment and 

displacement at the top of the structure and between the moment rotation of the foundation of the 1.97 

Hz structure with 4 kN bolt pressure (Figs. 6 (c) and (d)) and that with 10 kN bolt pressure (Figs. 6 (a) 

and (b), elastic case). When a 4 kN bolt pressure was applied, the structure experienced plastic 

deformations, and a residual displacement could be observed. A comparison of their activated forces 

showed that the largest bending moment in the elastic model was almost -10 Nm, when a plastic 

deformation is permitted in the structure the activated plastic hinge limited the largest bending 

moment in the structure. It had the value of about -7 Nm only. The results showed that when SFSI was 

considered the ductile behaviour of structure could still restrict the bending moment development in 

the structure.  

From the moment-foundation rotation plot of the considered elastic structure, it could be observed that   

foundation rotation significantly increased when bending moment in the structure exceed ± 5 Nm. In 

these regions, the gradient of bending moment development was reduced drastically. This indicated 

that nonlinear SFSI could restrict the bending moment development in the structure and thus reduced 

the earthquake impact on structures. However, 0.85 rad of permanent foundation rotation was 

observed at the end of the excitation due to the soil plastic deformation. In contrast, an occurrence of 

ductile behaviour in the structure further caused smaller forces in the structure and foundation, and 

only 0.62 rad permanent rotation occurred. This observation confirmed that a ductile design of 

structure could benefit the structural seismic resistance and also foundation-soil seismic performance. 

 

Figure 5. Foundation rotation time history 
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3.4 Effect of earthquake excitation on SFSI 

A structure could experience a number of different earthquakes in its design life. Therefore it is 

important to understand how SFSI behaves in different earthquakes. In this study ground motions with 

two different dominant frequency contents were considered (indicated as HS and MS motions Fig. 3 

(a)). Figure 7 displays the Fourier spectra of the actual shake table ground accelerations, where the 

solid and dotted lines represent the HS and MS ground motions. It can be seen that the maximum 

amplitude of HS ground motion occurred in a higher frequency (1.9 Hz) than that of the MS ground 

motion (0.8 Hz).  

 

 

 

 

 

 

 

 

 

 

From the design spectra (Fig. 3 (b)), the spectrum value of HS motion was slightly higher than that of 

MS motion. According to current structural and foundation design practice, it would be reasonable to 

assume that the activated force in the 2.2 Hz structure would be greater when HS motion was applied. 

The resulted bending moment in the structure and the supporting soil permanent deformation should 

be greater. However, from the bending moment time history (Fig. 8 (a)), the bending moment was 9 
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Figure 6. Force displacement and moment rotation relationships 
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Figure 7. Fourier spectra of selected ground accelerations 
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Nm when MS motion was considered. In contrast to the expectation it was much greater than that due 

to HS motion. The settlement due to MS motion was also greater than that due to HS motion (Fig. 8 

(b)). It should be noted that the supporting soil is the same sand. No actual soil stiffness is considered 

in this study. The larger settlement is therefore mainly caused by the larger amplitudes of the MS 

motions (see Fig. 3 (a)). All these results had shown that an observation of seismic performance of 

structures with nonlinear SFSI cannot be derived from that with fixed base assumption as current 

structural and foundation design approach would suggest.  

From the foundation vertical displacement (v) due to HS ground motion in Figure 8 (b) it is obvious 

that two strong foundation uplifts occur and following each of these uplifts the settlement always 

increases. However, in the case of MS motion, only the foundation settlement accumulated but no 

significant uplift was observed. The comparison revealed that in the considered case the ground 

motion with relatively high dominant frequency produced more uplifts with larger amplitude. During 

uplift, the contact area between foundation and supporting soil was reduced. Only one side of the 

foundation edges had contact and soil bearing failure. These results provided evidence that bending 

moment and soil deformation were both reduced when significant uplift took place.  

 

 

 

 

 

 

 

 

 

 

 

 

 

4 CONCLUSIONS 

In this study the influence of nonlinear SFSI on structural seismic performance was investigated. 

Three nonlinearities were considered: the geometrical nonlinearity of foundation and the material 

plastic behaviour of structure and supporting soil. The experiments were performed with ground 

excitations of different predominant frequencies and structures with different fundamental frequencies. 

The selected ground motions were simulated based on the Japanese design spectrum for HS and MS 

motions. The flexible foundation was reproduced by a box of sand. The laboratory testing was 

conducted using a shake table. 

The investigation reveals: 

1. Nonlinear SFSI could reduce the activated force in the structure and thus protect structures 

from damaging earthquake effects. 

2. In the considered case, when SFSI was taken into account, the maximum bending moment and 

horizontal displacement increased with the structural natural period. 

3. Ductile behaviour of structure could be beneficial not only to structural seismic performance. 

Allowing structural plastic hinge development could also reduce the soil plastic deformation.  

4. In the considered case, the ground excitation of high dominant frequencies could cause more 

Figure 8. Effect of excitation on bending moment and foundation vertical displacement development  
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frequent and stronger foundation uplifts. The more frequent the foundation uplift the stronger 

the reduction of the earthquake impact on the structure-foundation-soil system. 
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