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ABSTRACT: Structural failure of bridges is a regular occurrence in major earthquakes. 
Such failure may be attributable to relative movements of adjacent bridge segments 
exceeding design limits. This is often the consequence of neglecting soil-structure 
interaction (SSI), assuming uniform ground excitation and disparate bridge properties. 
Two identical reduced-scale bridge models constructed using Polyvinylchloride (PVC) 
were tested on two shake tables under a series of spatially varying earthquake ground 
excitations. To investigate the effect of different fundamental periods on pounding-
affected structural response, one of the bridge structures was modified by adding 
additional mass while the other span was kept unchanged.  

1 INTRODUCTION 

Extensive damage to bridge expansion joints following major earthquake events is a familiar 
occurrence. Such damage attributed to pounding has been commonly observed in the 1999 Chi-Chi 
earthquake (JSCE 1999), the 1995 Kobe earthquake (Kawashima and Unjoh 1996), and more recently 
the 2008 Wenchuan earthquake (Lin et al. 2008). Bridge decks are also at risk of collapse due to 
unseating of girder ends. Unseating occurs when adjacent spans move away from one another in 
excess of the supporting seat width. The pounding damage and the probability of unseating, primarily 
depend on the relative displacement of adjacent spans. The response of structures to earthquake 
excitations depends on several factors: the dynamic properties of the structure, the supporting soil 
conditions and interaction between soil and structures (SSI). However, in the past investigations, the 
variation in ground motions at bridge supports and SSI effect are often ignored.  

The assumption of uniform excitations is only valid for short bridges. For bridges with a long support 
distance, non-uniform ground motions will always occur because seismic waves passing through non-
uniform soil can experience energy and coherency loss; also, the excitations at different supports are 
initiated at different times, causing non-uniform ground motions.  

The assumption of rigid base foundation in most of the design regulations implies the ignorance of 
effect of SSI on overall behaviour of the structure. Conventional design regulations suggest SSI is 
beneficial, due to increased structural damping and elongation of the fundamental period (ATC-3 
1978; NEHRP 1997). However, it could be argued that a period elongation due to SSI may not 
guarantee a reduction in structural response. Because of the variety of earthquakes and the 
corresponding response spectrums, it could increase the structural response and associated ductility 
demand. Consequently, a neglect of SSI is not necessarily appropriate and can sometimes lead to 
unsafe design and catastrophic failure (Mylonakis and Gazetas 2000). Therefore SSI effect needs to 
be considered for safe design. 

The ratio of fundamental periods of adjacent spans plays an important role in relative movement of 
the neighbouring spans and hence potential pounding. Bridge design codes such as AASHTO (1994) 
and CALTRANS (2001) suggest that adjacent bridge decks should have similar fundamental periods 
to reduce possible pounding effects. A study by Chouw and Hao (2008) concluded that even adjacent 
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bridge segments having identical fundamental periods still do not effectively reduce pounding due to 
spatial variations in ground motions and soil support conditions.   

2 MODELS AND METHODOLOGY 

2.1 Reduced scale model 

The use of reduced scale models has gained wide recognition for the study of seismic response of 
prototype structures. Full scale testing is expensive and often impractical. Reduced scale modelling is 
cost-effective and preserves the relationships and interactions among all the physical parameters. 
Thus, the response of the prototype can be described as a function of the response of the model. The 
principle of scale model testing is to establish thorough independent correlations (scaling laws) 
between model and prototype (Krawinkler and Moncarz 1982). At present, the use of scale models for 
dynamic testing is popular technique in earthquake engineering.   

Table 1: Summary of derivation and values of the scaling parameters of the model    

 

To replicate the behaviour of the prototype, scale models of two identical bridge segments of PVC 
were built according to scaling laws. A simple mechanical system can be described by six physical 
quantities: mass, length, time, acceleration, force and stiffness. The first three of these quantities are 
independent fundamental physical quantities. According to Buckingham’s π theorem, the original 
equation expressed by the six quantities can be simplified to a dimensionless equation containing n – 
N = 6 – 3 = 3 dimensionless groups. Table 1 shows the scaling parameters of the six physical 
quantities, where Ni = iprototype / imodel, and i represents different physical quantities. The pre-selected 
three parameters are length, acceleration and stiffness. Their scale ratios are 200, 1 and 10.72 
respectively. The scale ratios of the other three quantities are calculated according to the scaling laws 
shown in the middle column of the Table 1. For details on the derivation of the similitude 
requirements, the report by Dove and Bennett (1986) is referred. The scaling ratio for mass was 
maximised by building with PVC, so that additional mass on the model, to meet scaling requirements, 
was minimised.  

The bridge deck of the imaginary prototype was assumed to be a box girder, having a length of 100 m 
and depth of 3 m. The columns were 48 m in height with a cross-section of 5 × 2 m. Following the 
scaling laws, the model dimensions of each component were finalised and implemented. Figure 1(a) 
shows the dimensions of the scale model. Because of the complexity in soil modelling, this testing 
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neglected scaling the soil. Since the soil was unscaled, the soil used was approximately 10 times 
stiffer than what it would have been otherwise. Consequently, current results reflected the response of 
structures with relatively hard soil. The soil was held in wooden boxes of 19 mm thick radiata pine 
with internal plan dimensions of 180 x 180 mm, which were filled to a depth of 60 mm. Figure 1(b) 
depicts the complete model with soil boxes.  

It is understood that scale model testing simulates linear response more accurately than nonlinear 
response, which is likely to occur when pounding and SSI effects are involved. In spite of the 
execution of all similitude requirements, inherent differences in material properties can cause 
difficulties. Namely the effects of fatigue and change of ultimate strength owing to different rate of 
loading, can lead to inaccurate results. Furthermore, the imperfections in construction of the model 
can lead to unrealistic representation of the prototype (Ma and Khan 2008). In this study, the models 
were assumed to remain elastic for the entire testing.       

 

 

 

Figure 1(a)-(b). (a) The dimensions of the scale model and (b) the complete model with soil boxes 

2.2 Equipment 

Two Electro-Seis Model 400 shake tables, each with a frequency capacity of 200 Hz and peak-to-peak 
stroke of 158 mm were driven by two Model 144 DUAL-MODE™ amplifiers with maximum output 
frequency of 2000 Hz to simulate the ground excitations. A portal gauge with displacement capacity 
of + / - 30 mm was used to measure relative girder displacement between the two models. Figure 2(a) 
shows the custom-built pressure sensor which was made of 10 mm wide spring steel with a strain 
gauge attached - used to measure pounding forces. The pressure sensor was attached to the face of the 
girder, modified to allow free deformation during pounding –thus maintaining a linear elastic 

(a) 

Positive direction  

Model A  Model B
(b) 
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response throughout testing.  To ensure consistent results, a pounding head was built consisting of a 
20 mm diameter PVC cylindrical block for even contact with the pressure sensor. Figure 2(b) shows 
the pounding head, pressure sensor and portal gauge.    

 

Figure 2 (a)-(b). (a) Pressure sensor and (b) the pounding head, pressure sensor and portal gauge  

2.3 Testing procedure 

The scale models were tested for three foundation types: bolted down fixed base, pad foundations on 
mixed grade river sand, and pad foundations on uniform clay. The model on the left of Figure 1(b), 
model A, was kept as the reference model. Model A consisted of six steel plates, each with a mass of 
0.25 kg, bolted onto the girder. The mass of Model B was adjusted, having initially two plates, 
increased one plate at a time up to six plates. 0.5 kg steel masses were then added up to a final mass of 
2 kg (see Table 2 for fundamental frequencies of each arrangement). 18 sets of simulated ground 
motion time histories based on the Japanese Design Spectra (Chouw and Hao 2005) representing soft, 
medium and hard soil ground motions were passed to the shake tables to simulate earthquakes. 
Testing was done with a scaled gap size of 0 mm (just contacting) to represent the reality where the 
expansion joint gap is normally 20 to 30 mm. Because of the inaccuracy of initial positioning of the 
shake tables, the required scaled gap size of 1mm was not realistically achievable. The foundations 
were tied down to prevent toppling of the model and to preserve single-degree-of-freedom movement.  
The clay was covered by plastic film throughout the entire testing period, maintaining the moisture 
content at 25.8% 

2.4 Data processing and analysing method 

All the raw data acquired from MATLAB was in terms of voltages. Calibrations were performed to 
each gauge to convert the voltages to their true physical quantities. The raw data was then filtered 
with a Butterworth low pass filter with a pass band of 25 Hz, baseline corrected with an 6th order 
polynomial and offset removed to improve the quality of the data. All the data processing was 
performed by MATLAB programs. 

3 DISCUSSION OF RESULTS 

The bridge spans were tested under three different support conditions, i.e. fixed base, sand and clay as 
well as three types of excitation, i.e. soft, medium and hard ground motions. 

3.1 SSI effect on column bending moment 

From Figure 3(a), comparison of the bending moment due to non-uniform excitations for different 
support conditions provides a clear trend that fixed base support condition had the greatest bending 
moment for hard soil excitation. The same trend is apparent for soft and medium soil excitations (the 
results are not presented in this paper). 

(a) (b) 
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Figure 3(a)-(b). Column bending moment affected by soil support conditions with pounding under (a) 
uniform and (b) non-uniform hard soil excitations 

Table 2: Fundamental periods (s) of adjustable model B  

Cases  2 
plates 

3 
plates 

4 
plates 

5 
plates 

6 
plates 

+ 0.5 
kg 

+ 1.0 
kg 

+ 1.5 
kg 

+ 2.0 
kg 

Fixed base  0.078 0.089 0.097 0.105 0.116 0.119 0.128 0.132 0.141 
Foundation on sand  0.090 0.100 0.110 0.115 0.122 0.127 0.136 0.145 
Foundation on clay 0.091 0.098 0.105 0.113 0.126 0.136 0.139 0.144 

0.151 

0.154 

The effect that SSI can have on bridge response is complex and can be either beneficial or 
detrimental. SSI makes a structure more flexible and thus increases the fundamental period. By 
considering the subsoil, the damping of the whole system will be increased. These effects have been 
viewed as mainly benefitial. However, this is an oversimplification (Mylonakis and Gazetas 2000). 
SSI can have a detrimental effect when the fundamental period of the structure is shifted to longer 
period range of the earthquake response spectrum where higher ground accelerations are possible. In 
this test, the bending moment achieved the maximum when the model had a fixed base foundation, 
which was shown in Figure 3. Throughout testing the structures remained stiff and the change in 
fundamental periods of Model B due to SSI was small. Thus there is subtle change in bending 
moment. On the other hand, the bending moment was reduced by subsoil.  

3.2 Effect of soil excitation 

For non-uniform excitations, the highest column bending moment resulted when hard soil excitations 
were considered. Soft soil ground motions caused less dynamic response of the stiff model structures. 
Figure 4(a) shows the column bending moment affected by different soil ground excitations. This is 
consistent with the response spectrum of the ground excitation (shown in Figure 4(b)). From Table 2, 
the fundamental periods of the model with different masses and assumed fixed base were between 
0.078s and 0.141s, where the hard soil excitation would have the greatest effect and soft excitation 
would result in the least impact.  

3.3 Effect of non-uniform excitation 

Figure 5 demonstrates that under non-uniform excitations the two bridge models had both greater 
relative displacements and pounding force compared with those due to uniform excitations.  This 
trend was also observed in the case of sand and clay support conditions (not shown in this paper). The 
results clearly illustrate that assuming uniform ground excitations at long distance supports will 
underestimate the unseating potential of the bridge span. For all soil support conditions and all 

(a) (b) 
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excitation types, non-uniform excitation resulted in much larger relative displacements than uniform 
ground excitation (results due to soft and medium ground motions are not presented here).   
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Figure 4(a) Effect of different ground motions on different soil type excitation without pounding and (b) 
response spectrum  

Figure 5(a)-(b). Fixed base testing under hard soil excitation with pounding for (a) opening relative 
displacement and (b) pounding force 

3.4 Effect of similar fundamental periods 

Seismic design criteria such as AASHTO (1994) recommend that adjacent bridge structures should 
have similar fundamental periods in order to reduce pounding effects, the implication being that 
pounding potential will be reduced as the movements of the considered adjacent structures will be 
synchronised. This recommendation requires that the ground motions are uniform between supports. 
From Figures 6(a) and 7(a), it can be seen that indeed pounding forces and relative response are 
minimised when the models have similar fundamental periods. The mass of model B was altered 
uniformly to give nine period ratios (TB / TA), ranging from 0.68 to 1.25. The results from Figures 
6(b) and 7(b) show that when non-uniform ground excitation is considered, even though the models’ 
fundamental periods are the same, TB / TA = 1, neither the opening relative movement nor the 
pounding force reached their minimums as they did under uniform excitation. The reason is that the 
spatially non-uniform excitations will excite adjacent spans differently, thus causing relative 

(a) (b) 
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movements between the bridge girders. Therefore in the case of non-uniformity of ground motions, 
the benefit of having similar fundamental periods will be muted. 

   

Figure 6(a)-(b). Opening relative displacement with fixed base with pounding under (a) uniform and (b) 
non-uniform hard soil excitation 

 
Figure 7(a)-(b). Pounding force on clay with pounding under (a) uniform and (b) non-uniform hard soil 
excitation 

4 CONCLUSIONS 

This research aimed to investigate the seismic response of adjacent bridge structures. It was found that 
it is not conservatively safe to assume uniform spatial ground motions in conventional design of 
bridges. The advocation by seismic design codes of similar fundamental periods between bridge 
structures has restricted validity when seeking to mitigate bridge damage. A consideration of the 
combined influences of non-uniform excitation, soil-structure interaction and dynamic properties of 
bridge structures will enable more realistic and safer bridge design. 
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