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ABSTRACT: During the 1994 Northridge earthquake, evacuations were necessary in 

some hospitals due to failures of secondary structures. Such incidents have emphasised 

the importance for secondary structures to survive during earthquakes. Secondary 

structures comprise of all elements attached to the main load-bearing structures, e.g. 

façade, piping systems, billboards. Although they are not intended to bear external loads, 

they can be subjected to seismic forces during earthquakes. To date, experimental studies 

on the seismic response of secondary structures including its interaction with the primary 

structure are still limited. In this study, shake table experiments were performed on a 1:4 

four-storey primary structure with an assumed fixed base and a secondary structure with 

either two or three supports across the floors of the primary structure. Load cells were 

located at each support to measure the forces generated at the primary-secondary 

structure interface. During the 1995 Kobe earthquake, large-amplitude, high-frequency 

vertical excitations were recorded. A record from this earthquake were chosen as the 

ground excitation. The structure was excited in both single and multiple directions. In the 

considered case, the experiments revealed that planar excitations cause larger interacting 

forces compared to unidirectional excitations. However, an additional consideration of 

vertical excitation did not seem to have significant effect. An increased number of 

supports results in more significant spatial coupling within the secondary structure but 

smaller interacting forces at the primary-secondary structure interface.  

1 INTRODUCTION 

Seismic behaviour of the primary structure can be altered by the presence of secondary structures. 

Some examples of secondary structures are façade, piping systems, and billboards. During 

earthquakes, they can be subjected to seismic forces even though they are not designed to bear external 

loads (Chen & Soong, 1988) (Lim & Chouw, 2015) (Villaverde, 1997) (Lim & Chouw, 2014) (Lim, et 

al., 2014). 

In past earthquakes, multiple buildings were not able to function as they should be due to failures of 

secondary structures. The 1994 Northridge earthquake caused sprinkler pipes to break in a hospital, 

causing the need for patients to be evacuated. Failed non-structural components caused loss of lives in 

the 1995 Kobe earthquake (Chouw, 1996) and resulted in obstructed roads and damage to primary 

structures in the 2011 Christchurch earthquake. These past events had emphasised the need for 

secondary structures to survive during earthquakes (Lim & Chouw, 2015) (Lim, et al., 2014). 

In practice, secondary structures are commonly analysed using the floor response spectrum (FRS) 

approach, which ignores the interaction between primary and secondary structures. This method 

considers the primary and secondary structures as separate systems and both structures are analysed 

individually. First, the response of the primary structure without the secondary structure is determined. 

The maximum response of the secondary structure is then estimated by using the response spectrum of 

the primary structure. The FRS approach is a relatively simple method and requires minimum 

computational time. However, it ignores primary-secondary structure interaction and its unique 

properties such as feedback effect and spatial coupling (Chen & Soong, 1988). Feedback effect is the 

interaction occurring at the interface between the primary and secondary structures due to the relative 
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response of the subsystems. Spatial coupling arises in the case of multiply supported secondary 

structures where the response at one support affects that at the others. Without considering these 

interactions, the response of secondary structures cannot be determined accurately (Lim & Chouw, 

2015) (Lim & Chouw, 2014). Previous numerical studies had shown that neglecting the interactions 

could possibly lead to overestimating the response of secondary structures, resulting in unnecessary 

expensive designs (Igusa & Der Kiureghian, 1992).  

This paper focuses on the analysis of the interacting forces at the supports of the secondary structure 

obtained through experiments. The effects of multidirectional excitations on the interaction between 

the primary and secondary structures are discussed. The experiments were carried out for a secondary 

structure with varying numbers of attachments. Hence, the influence of the multiple attachments are 

explicated. 

2 EXPERIMENTAL SETUP 

The models used in this study consisted of a four-storey primary structure with an assumed fixed base 

and a secondary structure with either two or three supports (see Figure 1). In the case of two 

attachments, the supports were located at the top two levels of the primary structure. In the case of 

three attachments, the third connection was located on the level below. These locations were chosen 

because the response of the primary structure was expected to be the largest at the top, hence a large 

response of the secondary structure was anticipated. The model was based on a four-storey prototype 

and scaled by 4 in dimension and by 90 in mass. 

 

Figure 1 - Experimental setup of the case of secondary structure with two attachments 

2.1 Primary structure 

The total height of the primary structure was 3150 mm with a 1750 mm width square base. The inter-

storey height was 787.5 mm. The first three floors had a mass of 272 kg and the roof had a mass of 

227 kg. The structure was made of steel and has a damping ratio of 4.1%. The fundamental frequency 

in the x direction (weak axis) was 1.86 Hz. The fundamental frequency of the strong axis (y direction) 

was 6 Hz.  

2.2 Secondary structure 

In both cases the secondary structure had the same mass of 24.24 kg, therefore the dimensions of the 

secondary structure in case of two or three attachments were different. In either case, the secondary 

structure was attached to the primary structure by 229 mm PVC columns. The properties of each 

secondary structure are listed in Table 1. In both cases the collective stiffness of the columns is the 

same. Combined with an equal mass, this resulted in identical natural frequency. The natural 

frequency was 8.6 Hz in the longitudinal direction (along z axis) and 17 Hz in the transversal direction 

(along y axis). These values are 5-10 times larger than the fundamental frequency of the primary 

z 

y x 
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structure, while the mass of the secondary structure is 10-15% of the floor mass of the primary 

structure.  

Table 1. Properties of the secondary structure 

 Two attachments Three  attachments 

Cross section of columns (mm²) 17.5 × 17.5 16 × 16 

Dimension of mass (mm³) 

(length × width × height)  

87 × 42 × 870 87 × 21 × 1740 

Damping ratio (%) 2.62 2.50 

 

2.3 Load cells 

To measure the interacting forces, eight compression load cells were installed at the connections 

between the primary and secondary structures, i.e. the attachment points. As illustrated in Figure 2, the 

centreline distance of the load cells to the columns is 22.75 mm and 22 mm in the case of two and 

three attachments, respectively. The configurations of the load cells are shown in Figure 2. The labels 

for the load cells (e.g. TT, TB, MT) shown in Figure 2 will be used to describe the results in Section 3. 
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Figure 2 - Configuration of the load cells in case of (a) two and (b) three attachments 

 

2.4 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 one (x 

only), two (x and y), and three (x, y, and z) directions. All the excitations were scaled by four to match 

the scale of the model. The peak ground accelerations (PGA) of the scaled excitations are 2.05 m/s
2
, 

1.55 m/s
2
, and 0.83 m/s

2
, in the x, y, and z directions, respectively. The excitation with the largest PGA 

was given in the weak axis of the primary structure. The horizontal ground accelerations (x and y) 

show lower frequency content compared to that of the vertical (z) acceleration. These properties will 

likely cause these excitations to transfer more energy to the structure compared to the vertical 

excitation. The time histories of the ground accelerations are shown in Figure 3. 

(a) (b) 
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Figure 3 - Scaled acceleration of the 1995 Kobe earthquake used in the experiments 

3 RESULTS AND DISCUSSION 

For practicality in describing the results, x-excitation refers to an excitation in the x direction only, xy-

excitation an excitation in the x and y directions, and xyz-excitation an excitation in all directions.  

3.1 Spatial coupling 

In order to prove the existence of spatial coupling within the secondary structure, the forces measured 

at the interface due x-excitation were examined. Spatial coupling can be detected when the forces at 

different supports act in the opposite direction.  As shown in Figure 4(a), in the case of two 

attachments it is clear that the forces measured by the load cells TT (top attachment) and MT (middle 

attachment) acted in the opposite direction, hence indicated the presence of spatial coupling. 

Comparing the forces measured by the same load cells for the case of three attachments, it is apparent 

that the spatial coupling is more pronounced compared to that of two attachments (see Figure 4(b)). 

These results are consistent when multi-directional excitations were considered.  

 
Figure 4 - Spatial coupling due to x-excitation within the secondary structure with (a) two and (b) three 

attachments 

 

3.2 Influence of the number of supports 

This part of the analysis focuses on the influence of the number of attachments of the secondary 

structure on the interacting forces. Figure 5 presents the time history of the forces measured by load 

cell TT in case of two and three attachments, when x-excitation is applied. The forces measured were 

almost always larger in the case of two attachments. Similar conclusions can be deduced for the cases 

where the structure is subjected to multidirectional excitations. This is plausible because the force 

exerted to two supports is likely to be larger than the same force exerted to three supports. 

Extrapolating from this conclusion, more attachments of secondary structure is likely to cause less 

interacting forces at the primary-secondary structures interface.  
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Figure 5 - Larger force was exerted by the secondary structure with smaller number of attachments 

3.3 Influence of multi-directional excitations 

Figure 6(a) presents the forces measured by load cell TT in the case of two attachments due to x-

excitation, xy-excitation, and xyz-excitation. As shown in the figure, the forces due to x-excitation 

varied between 0.1 kN and 0.27 kN. When an excitation in the strong axis was added, the forces 

dramatically increased to values between 0.64 kN and 0.89 kN. In the considered case, vertical 

excitation did not appear to affect the force significantly. This could be attributed to the lower 

amplitudes and higher frequency of the vertical acceleration of this record, as explained in 

Figure 3.  

Figure 6 - Increased forces in case of two attachments due to multi-directional excitations 

Figure 7 shows the influence of multidirectional excitations on the measured forces when secondary 

structure with three attachments is considered. In the case of x-excitation, the forces vary between 

0.027 kN and 0.065 kN. Similar to the case of two attachments, considering both horizontal 

excitations also caused larger response compared to uni-directional excitation. However, the reduction 

of the measured forces due to xyz-excitation is more significant than that observed in the case of two 

attachments.  
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Figure 7 - Xyz-excitation caused smaller interacting forces compared to xy-excitation in case of three 

attachments 

 

4 CONCLUSIONS 

In this paper the interacting forces at the supports of the secondary structure due to multi-directional 

excitations were analysed. In the experiments, secondary structures with two and three attachments 

with the same dynamic characteristics were considered and therefore the influence of a different 

number of supports can be observed.  In the considered case, an increased number of attachments 

causes more significant spatial coupling within the secondary structure but smaller interacting forces 

at the primary-secondary structure interface. In the considered case, multi-directional excitations did 

not have significant effect on the spatial coupling. The interacting forces however, are significantly 

increased when both horizontal excitations are considered compared that of unidirectional excitation. 

On the other hand, vertical excitations were shown to have little influence. In the case of three 

attachments, vertical excitations reduce the interacting forces slightly more than when two attachments 

were considered. 
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