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ABSTRACT: During earthquakes, secondary structures are subjected to vibrations 

coming from the ground through the primary structure. Hence, proper design of 

secondary structures requires not only a thorough understanding of the interaction 

between primary and secondary structures (PSSI) but also that between soil and structure 

(SSI). To date, only a few research had explored the simultaneous effects of PSSI and SSI 

on response of secondary structures. Experimental investigations are almost non-existent, 

not to mention those considering secondary structure with multiple attachments. This 

research aims to investigate the response of a coupled primary-secondary structure 

considering the effect of SSI. A 1:4 scale model of a four-storey primary structure with a 

secondary structure attached was placed in a sand box to simulate the simultaneous effect 

of PSSI and SSI. A horizontal excitation from the 1995 Kobe earthquake was applied in 

the direction of the weak and strong axes of the primary structure, separately. The 

analysis results describe the behaviour of both primary and secondary structures under the 

considered earthquakes. Responses in both horizontal and vertical directions are 

showcased. In the considered case, SSI was beneficial to the structural response in both 

horizontal directions. However it was proved to cause significantly stronger response in 

the vertical direction, for both the primary and secondary structures. 

1 INTRODUCTION 

Secondary structures are the parts in a building that do not provide structural supports, e.g. staircases, 

advertisement boards, parapets and claddings, or pipes. Failures of secondary structures during 

earthquakes can incur significant damage to the primary load-bearing structures, hinder building 

functions, and pose life threats to occupants (Villaverde, 1997). It is therefore important to consider 

them in the seismic design of structures. 

In an earthquake event, secondary structures experience excitation from the ground through the 

primary structure. The response of the primary structure depends not only on its structural properties 

but also on those of the soil (Gupta and Trifuna, 1991). Hence, a thorough analysis of the response of 

the secondary structure shall consider not only the primary structure but also the surrounding soil (Lim 

and Chouw, 2014). Many past studies have suggested the benefit of considering soil-structure 

interaction (SSI) (Mylonakis et al., 2006; Qin et al., 2013a) in the seismic analysis of primary 

structures, but not much has been explored on its effect on the response of secondary structures. 

Previous analysis on secondary structures considering primary-secondary structure interaction (PSSI) 

focused mostly on elastic linear structures. Closed form solutions to estimate the response of the 

secondary structure have been extensively developed (e.g. Igusa and Kiureghian, 1985a-c, Asfura and 

Kiureghian, 1986). However not much have been done for nonlinear structures, e.g. including SSI. 

Moreover, hardly any experiments have been done for multiply-supported secondary structures, i.e. 
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connected at multiple locations to the primary structure. Multiply-supported secondary structures can 

be particularly vulnerable when soil is considered compared to fixed base case, due to the amplified 

vertical movement of the primary structure which will simultaneously increase that of the secondary 

structure. 

This work focuses on the response of a coupled primary-secondary structure considering the effect of 

soil-structures interactions (SSI) through experiments. It is expected that through experiments 

involving soil, the actual behaviour of the primary and secondary structures can be observed. Using 

physical models, the interaction between the primary-secondary structures as well as the primary 

structure and the soil can be incorporated automatically. The secondary structure considered has two 

supports located at the side of the primary structure. The results from this experiment were compared 

with those from an experiment considering the same coupled primary-secondary structure setting on a 

fixed base. The effect of SSI on the structural response will be discussed. 

2 EXPERIMENTAL SETUP 

2.1 Model development and setup 

The experimental model consisted of a four-storey primary structure on which a secondary structure 

was attached. Two support conditions were considered: (1) The primary structure was placed in a sand 

box to simulate SSI, and (2) it was directly bolted onto the shake table to simulate a fixed support. 

Figure 1 and Figure 2 show the sketch and photo of the experimental model on sand. 

Acceleration was measured at the fourth storey of the primary structure (labelled “PS4”) and at each 

attachment of the secondary structure (location of the third floor attachment is called “SS mid”, that of 

the fourth floor is called “SS top”). At each location, the acceleration in all three directions was 

measured. The experimental setup and the locations of the accelerometers are shown in Figure 1. 

 

 

Figure 1. Experimental setup on sand 

Figure 2 shows the photo of the experimental setup during testing. 
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Figure 2. Picture of the experimental model 

The primary structure model was scaled from a four storey steel building prototype. The scale factors 

of the model were 4, 90 and 1 in length, mass and time, respectively. The dynamic properties of the 

prototype and the model are shown in Table 1. 

Table 1. Properties of the primary structure 

Properties Prototype Model 

Floor mass mp 29 t 322 kg 

Roof mass mroof 24 t 267 kg 

Fundamental frequency (weak axis-y) fPS 1.86 Hz 

Fundamental period TPS 0.54 s 

Damping ratio  Assumed 5% 4.1% 

 

To simulate the subsoil, a rigid sand box was filled with compacted wet sand up to 1.1 m high and was 

bolted to the shake table. Sand paper was placed beneath the foundation to increase the friction and 

minimize sliding of the structure. 

The secondary structure was a steel frame bolted onto the beams of the third and the fourth storeys of 

the primary structure. The secondary structure was attached in the strong axis (x) of the primary 

structure as illustrated in Figure 1. The mass of the secondary structure ms was 24 kg made out of steel 

with dimension of 87 mm × 42 mm × 870 mm. Two columns made of PVC with a cross-section of 

17.5 mm × 17.5 mm connected the mass to the primary structure. These columns define the bending 

and axial stiffness of the secondary structure. The average damping ratio in all three directions was 

2.62%. The frequencies of the secondary structure are listed in Table 2. The mass ratio μ, and 

frequency ratio ƞ, of the primary and secondary structures are also shown. 

Secondary structure 

x 

z 
y 
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Table 2. Mass and frequency ratios of the primary and secondary structures 

μ=ms/mp 
η = fs/fp 

Direction fs (Hz) fp (Hz) η 

 

x 200 2 ηx = 100 

μ=8.8% y 17 1.86 ηy = 9.14 

 

z 8.6 17 ηz = 0.51 

fp in vertical direction is the vertical frequency of the individual beam of the primary structure (not the 

axial stiffness of the columns). 

 

2.2 Applied excitations 

The applied ground excitations were based on a real record of the 1995 Kobe earthquake measured at 

the Japan Meteorological Agency (JMA) station. The structure was subjected to excitations in x and y 

directions. The excitations were scaled to match that of the model. The peak ground accelerations of 

the scaled excitations are 2.05 m/s2 and 1.55 m/s2, in the x and y directions, respectively. The time 

histories of the ground accelerations are shown in Figure 3. 

 
Figure 3. Scaled acceleration of the 1995 Kobe earthquake used in the experiments 

3 RESULTS AND DISCUSSION 

For practicality in describing the results, SS refers to secondary structure, PS refers to the primary 

structure, SSI and FB refer to the case considering soil-structure interaction and fixed base, 

respectively. 

3.1 Horizontal response due to horizontal x excitation                                                                                                                                                                      

Figure 4 shows the acceleration at SS top due to excitation in x direction in both SSI and FB cases. 

The acceleration in SSI case contained some small peaks (red circles) which did not appear in the FB 

case. They could be due to sliding or uplift of the foundation. These peaks caused the dominant 

frequency of the response to be altered. The peak accelerations were 3.45 m/s2 and 5.16 m/s2 in SSI 

and FB cases, respectively. This indicated that considering SSI caused reduction in the amplitude of 

the acceleration. 

The dominant frequencies of the response were close to that of the primary structure, i.e. 1.09 Hz 

(T=0.92 s) and 1.32 Hz (T=0.76 s) in SSI and FB cases, respectively. The spectral acceleration peaks 

were 13.00 m/s2 and 17.92 m/s2 in SSI and FB cases, respectively. SSI caused reduction in the 

dominant frequency and the spectral acceleration of the secondary structure in horizontal direction 

under horizontal excitation. The same conclusions are made from the acceleration at SS mid.  
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Figure 4. Acceleration at SS top in x direction due to excitation in x direction. (a) Time histories and (b) 

response spectra 

Results due to JMA y excitation were similar to those from JMA x excitation, as shown in Table 3. 

Table 3. Response at SS top in x and y directions due to JMA x and JMA y excitations 

 JMA x (SS top x) JMA y (SS top y) 

 SSI FB SSI FB 

Peak acceleration (m/s2) 3.45 5.16 5.45 8.16 

Frequency (Hz) 1.09 1.32 1.19  1.61 

Period (s) 0.92 0.76 0.84 0.62 

 

The accelerations at PS4 in both SSI and FB cases are shown in Figure 5. The graph confirms that the 

dominant frequency of the primary structure was lower in SSI case than in FB case. The peak 

accelerations were 2.65 m/s2 and 3.98 m/s2 in SSI and FB cases, respectively. In the considered case, 

SSI caused lower response of the primary structure, which simultaneously resulted in lower response 

of the secondary structure as shown in Figure 4. It is likely that the reduction was due to the 

earthquake load being dissipated through soil deformation causing the structure to absorb less energy. 

The dominant frequencies of the response were also 1.09 Hz and 1.31 Hz in SSI and FB cases, 

respectively. This confirms that the dominant frequencies of the response of the primary and 

secondary structures are the same. The spectral acceleration peaks were 13.87 m/s2 and 17.78 m/s2 in 

SSI and FB cases, respectively. SSI caused reduction in the dominant frequency and the spectral 

acceleration of the primary structure in horizontal direction under horizontal excitation as it does for 

the secondary structure.  

 
Figure 5. Acceleration at PS4 in x direction due to excitation in x direction. (a) Time histories and (b) 

response spectra 

Results for JMA y excitation were similar to those from JMA x excitation, as shown in Table 4. 
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Table 4. Results at PS4 in x and y directions due to JMA x and JMA y excitations 

 JMA x (PS4 x) JMA y (PS4 y) 

 SSI FB SSI FB 

Peak acceleration (m/s2) 2.65 3.98 2.82 3.91 

Frequency (Hz) 1.09 1.31 1.16 1.60 

Period (s) 0.92 0.77 0.86 0.63 

 

3.2 Vertical response due to horizontal excitation 

The vertical acceleration of the secondary structure due to excitation in x direction in both SSI and FB 

cases are presented in Figure 6. The peak accelerations were 3.43 m/s2 and 0.83 m/s2 in SSI and FB 

cases, respectively. The dramatic increase of the acceleration could be due to uplift of the foundation 

of primary structure. The uplift caused vertical movement of the primary structure that induced larger 

vertical motion in the secondary structure. The value of the dominant frequency was 2.78 Hz (T=0.36 

s) in both SSI and FB cases. The spectral acceleration peaks were 15.30 m/s2 and 2.99 m/s2 in SSI and 

FB cases, respectively. Unlike that in response in the horizontal direction, SSI did not affect that 

dominant frequency of SS in the vertical direction but it caused significantly stronger response. The 

same conclusions can be made with the acceleration at SS mid. 

 
Figure 6. Acceleration at SS top in z direction due to excitation in x direction. (a) Time histories and (b) 

response spectra 

Figure 7 shows the acceleration at PS4 in z direction due to excitation in x direction. There was almost 

no vertical acceleration in FB case because the primary structure was fixed to the shake table and the 

axial stiffness of the column was very large. However, a significant vertical motion was detected when 

the structure was placed on sand. This increase can be attributed to the uplift occurring during the 

simulation. The peak accelerations were 7.44 m/s2 and 1.45 m/s2 in SSI and FB cases, respectively.  

 
Figure 7. Acceleration at PS4 in z direction due to excitation in x direction 

Results for JMA y excitation confirms those from JMA x excitation, as shown in Table 5. 
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Table 5. Results at PS4 in z direction due to JMA x and JMA y excitations 

 JMA x (PS4 z) JMA y (PS4 z) 

 SSI FB SSI FB 

Peak acceleration (m/s2) 7.44 1.45 3.74 0.65 

4 CONCLUSIONS 

In this paper, the effect of soil-structure interaction (SSI) on the primary and secondary structures due 

to horizontal excitations was showcased through experiments. In the considered case, when the 

structure was subjected to a horizontal excitation, SSI caused reduction in the amplitude of the 

horizontal acceleration of both the primary and secondary structures. The dominant frequency of both 

primary and secondary structures was also reduced due to SSI. On the other hand, the acceleration of 

both primary and secondary structures in the vertical direction was significantly increased when SSI 

was considered even when only horizontal excitation was applied. SSI did not change the dominant 

frequency of the secondary structure for an excitation in x direction. 
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