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ABSTRACT: Pounding and unseating have been observed as common causes of failure 
in multi-span bridges in the past major earthquakes. These modes of failure occur because 
traditional expansion joints cannot accommodate large relative displacements that occur 
between adjacent bridge spans under earthquake loading. Most of current design practice 
does not account for the effect of soil-structure interaction (SSI) on the relative response 
of adjacent spans. The purpose of this research was to create a scale model of a bridge 
span and perform a field test to incorporate SSI effect. The results will be used for 
developing modular expansion joints (MEJs). This paper compares the response of the 
model with an assumed fixed base and with foundation on beach sand under soft, medium 
and hard soil ground excitations. Spectral analysis of surface waves was performed to 
obtain the soil stiffness at the test site. It was found that the testing was unable to excite 
the model in such a way that SSI would occur. Further work needs to be done to refine 
the model so that SSI will occur.  

1 INTRODUCTION 

Large earthquakes in recent years such as the 1994 Northridge Earthquake (Mitchell et al., 1995), the 
1995 Kobe earthquake (Kawashima and Unjoh, 1997) and the 2008 Wenchuan earthquake (Liu, 2009) 
have demonstrated that pounding and unseating are common causes of failure in multi-span bridges. 
Examples of damage to bridges due to pounding and unseating are shown in Figure 1. Multi-span 
bridges employ expansion joints to cope with longitudinal movement between spans. 

 
Figure 1: Pounding damage at a support (Liu, 2009) and unseating of a bridge span. 

Traditionally expansion joints have consisted of one span being seated on the other. Pounding occurs 
when the relative closing movement between the two spans is larger than the available gap. Unseating 
occurs when the relative opening movement is larger than the provided seating length. The gap 
between two adjacent spans is normally designed for temperature and shrinkage effects and is only 
few centimetres to ensure bridge serviceability. This results in pounding being unavoidable in bridges 
employing traditional expansion joints (Chouw and Hao, 2008a). Bridges are critical elements in road 
networks that provide transport for disaster relief efforts after an earthquake (Furuta et al., 2006). It is 
therefore important that pounding and unseating are avoided to ensure that bridges remain in service 
after large earthquakes.  

One recommendation of avoiding damage at the expansion joints is to ensure that the adjacent bridge 
spans have similar fundamental frequencies (California Department of Transportation, 2004). 
Subsequent research has shown that this recommendation is insufficient as it does not consider the 
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effect of soil-structure interaction (SSI) and non-uniform ground excitations on the relative 
displacement between spans (Chouw and Hao, 2008b and 2009). SSI has been found to decrease the 
fundamental frequency of structures (Lu et al., 2002). Therefore even if adjacent bridge structures 
under a fixed base assumption have similar fundamental frequencies, after taking SSI into account, the 
two spans could have vastly different natural frequencies since the response of bridge span is strongly 
determined by the fundamental frequency of the whole bridge structure-soil system. Non-uniform 
ground excitations occur at adjacent bridge spans due to different soil properties along the bridge 
length and because of time delay between different arrivals of seismic waves at adjacent bridge pier 
supports. Even if the adjacent bridge spans have very similar natural frequencies these two influence 
factors will just cause a relative displacement at the expansion joints.  The combined effect of SSI and 
non-uniform ground excitations can result in a much larger relative displacement between adjacent 
bridge spans than when one or both of these effects are ignored (Chouw and Hao, 2009). 

 
In recent years a new type of expansion joint, that allows larger relative displacement between spans, 
has been developed and called a modular expansion joint (MEJ). These joints are made up of a number 
of interlocking beams with small gaps between them which are filled with movable rubber to ensure 
water tightness as shown in Figure 2. The use of a number of small gaps provides a larger total gap 
between the spans (Connor and Dexter, 1999). If designed properly a MEJ would completely prevent 
the occurrence of pounding.  

This study aimed to develop a large size scale model of a bridge span which could be tested to 
evaluate the effect of SSI on its maximum displacement. It was also of interest to see how SSI affected 
the maximum shear forces and bending moments induced in the columns during testing. To quantify 
the effect of SSI the model would be tested with a fixed base and then in a field test on sand where SSI 
could occur. Different ground excitations and span natural frequencies were considered to reveal the 
additional effect of the dynamic properties of the participating bridge structures. A spectral analysis of 
surface waves was performed in order to estimate the shear wave velocities and the shear strength at 
the test site. The long term aim was to advise on the minimum total gap size that a MEJ must have to 
prevent bridge pounding. 

2 METHODOLOGY 

2.1 Model design 

As it was not possible to test a full size bridge, a model was constructed based on a prototype bridge. 
To be able to evaluate the results of the testing for the prototype bridge the model was designed 
according to scaling laws. Length, modulus of elasticity, time, acceleration, mass and force were 
chosen as the factors to be scaled as these six factors govern the dynamic response of the bridge 
structures (Ma and Khan, 2008). A lumped mass approximation was used during the application of the 
scaling laws. This was considered to be adequate as the majority of the bridge’s mass was located in 
the deck, and the structural stiffness was governed by the bending stiffness of the columns. 

The prototype structure selected was the Newmarket Viaduct with one span of the structure being 
modelled. This prototype consisted of two columns spaced 50 metres apart, a total span length of 100 
metres and a column height of 15.5 metres. A length scale ratio of 22 was selected which gave a 
model length of 4.55 metres and height of 0.705 metres. Polyvinyl chloride (PVC) was chosen as the 
construction material as it has a low modulus of elasticity. It was also decided to scale the time period 
of the structure down by a factor of two to reduce the scale factor for acceleration and stay within the 

Figure 2: Cross section of a modular expansion joint (Chouw and Hao, 2009). 
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limits of the testing equipment. From the three chosen factors the scaling ratios for acceleration, mass 
and force were derived using Buckingham’s π theorem.  

From the scaling ratios that were chosen the model was designed. The model columns were designed 
as 100 mm by 36 mm box sections with a 6 mm wall thickness. The deck was a 330 mm by 140 mm 
box section with 10 mm wall thickness. The top flange of the deck overhung the box by 135 mm on 
each side as shown in Figure 3. Full model and prototype properties are shown in Table 1. The model 
also required footings for use in the field test. The scale ratios for the footings were calculated 
separately as they were to be constructed from concrete. The footings were designed as a 340 mm by 
340 mm by 70 mm pad footing on each column. 

Table 1: Key properties, dimensions of the prototype and model bridge spans. 

2.2 Model construction 

The model deck and columns were constructed from PVC sheets connected into box sections using 
PVC cement. Screws were added to make sure the deck section would not fail at the PVC cement. The 
deck was constructed in three sections due to the available lengths of PVC sheets. This consisted of 
two end sections which were each 1.055 m long and a middle section that was 2.44 m long. The joints 
between sections of the deck were connected using steel plates. These plates did not have a significant 
effect on the span properties as the deck was already much stiffer than the columns. The beam column 
connections were made from aluminium angles and connected using M10 bolts. The connections at 
the base of the columns were made from steel angles as they required extra stiffness to minimise base 
rotation and ensure a rigid connection. The concrete footing was designed to have a compressive 
strength of 30 MPa. The fixed based connection was achieved by securing the column to the concrete 

Property Prototype Model 

Material Concrete PVC 

Span length 100m 4.55m 

Column height 15.5m 0.705m 

Mass 1,895,405kg 326kg 

Deck moment of area 9.337x1012 mm4 39,858,104 mm4 

Column moment of area 3.891x1011 mm4 287,424 mm4 

Stiffness 60,077,000 N/m 48,865 N/m 

Fundamental frequency 0.89 Hz 1.95 Hz 

Figure 3: Schematic diagram showing the model dimensions and placement of measurement devices. 
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strong floor using a timber base plate. Testing was conducted to ensure that the timber plate would not 
move under loading.  

2.3 Model testing 

Testing was conducted with two different base conditions. Firstly, testing was conducted in the 
laboratory with the columns bolted to a strong floor to simulate fixed base conditions. Testing was 
then also conducted on Kohimarama beach in Auckland with the concrete footings attached as this 
would allow SSI to occur between the model and the beach sand. The results of these two tests were 
compared to assess the effect of SSI on the bridge span displacement.  

Testing of the model was conducted by mounting two identical Electro-Seis Model 400 shake tables, 
manufactured by APS Dynamics Ltd, on the bridge span. These shake tables operate in a frequency 
range of 0-200 Hz, have a peak stroke of 158 mm and a mass of 73 kg. The shake tables were 
positioned so that they were above the columns as shown in Figure 3. Excitation was applied to the 
structure by using the shake tables in reaction mass mode. In this mode each table excites 18 kg of 
added mass and the inertia force produced by this motion excites the structure. A number of 
measurement devices, shown in Figure 3, were used to record the model response. Three different 
ground motions were applied to the structure via the shake tables. These ground motions were 
generated based on the New Zealand response spectrum found in NZS 1170.5:2004 (Standards New 
Zealand, 2004). The three excitations were designed to model ground excitations for different soil 
conditions relating to the soft soil, shallow soil and rock conditions in the New Zealand response 
spectrum.  

As the effect of SSI depends on both the soil stiffness and the structural stiffness it was of interest to 
evaluate the effect of varying the model fundamental frequency (Spyrakos, 1990). For each excitation 
case the fundamental frequency of the model was varied between 1.5 Hz and 2.5 Hz. This is 
equivalent to prototype structures with fundamental frequencies between 0.75 Hz and 1.25 Hz. Most 
real bridge structures would lie in this range. Nine different fundamental frequencies were tested by 
adding between 0 kg and 320 kg to the deck of the model.  

2.4 Soil testing 

 
Spectral analysis of surface wave (SASW) is a non intrusive seismic method for determining the shear 
wave velocities and shear strength profile of a given site. The test uses the dispersion characteristics of 
surface waves in order to determine the variation of shear wave velocity with depth in a layered 
medium. A 500 mm diameter circular steel plate with thickness of 25.4 mm was placed on levelled 
sand at the test site. In order to produce the dynamic loading required for the SASW test, a Dytran 
model 5803A sledgehammer was used to hit the centre of the steel plate. This produced an impact load 
containing a large range of frequencies. Four different sledgehammer tips, ranging from soft to hard, 
were used to further increase the range of applied frequencies. The sledge hammer was equipped with 
a dynamic force transducer and responses were measured using four accelerometers as shown in 
Figure 4. Only the two accelerometers not attached to the plate were used for the SASW test. The test 
was conducted ten times with each hammer tip. 

Figure 4: Steel plate and accelerometers used for SASW test. 
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3 RESULTS AND DISCUSSION 

3.1 Model testing 

The fundamental frequencies of the bridge for each level of mass are shown in Figure 5. The 
fundamental frequency of the field test model was approximately 0.2 Hz higher than that of the fixed 
based model when the same amount of mass was added. This means that the model was stiffer in the 
field test than under fixed based conditions. This is opposite to the result that was expected as the 
fixed based connection should have been completely rigid while the field test base connection should 
have been slightly less rigid as the footing was able to move. If this was true then the fixed based 
model should have been stiffer than the field test model. As well as this the literature showed that SSI 
should have further reduced the fundamental frequency of the model (Lu et al., 2002). 
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There are a number of factors that could have resulted in the fixed base model being less stiff than the 
field test model. Firstly, the fixed base that was constructed would not have been perfect. There would 
always be some slight rotation possible in the steel connection at the base of the column and in the 
base plate used to fix the model to the concrete floor. Secondly, extra model stiffness in the field test 
could also have resulted from environmental conditions during testing. The fixed based test was 
conducted in a test hall where the temperature was relatively warm compared to in the field test which 
was done outside and in the evening. The properties of PVC are known to be very temperature 
dependant and would have been stiffer in this cold weather. Thirdly, a test rig was used in the field to 
secure the shake tables. This may have also restrained the model resulting in reduced displacements 
and increased fundamental frequencies. 

Data was collected about the displacement of the concrete pad footing during the field test. This 
footing response is very small and does not bear any resemblance to the applied earthquakes. This 
suggests that the excitation applied to the model may not have been able to provide enough force to 
cause the footings to move. This would mean SSI was not able to occur and the connection was 
essentially a fixed base. In real earthquakes SSI will always occur as the excitation is applied through 
the soil in the form of ground excitations. Loading the model through the deck, due to equipment 
limitations, reduced the possibility of the soil being excited and SSI occurring. 

The use of sub-structuring during scaling may have resulted in the model not being excited as much as 
was expected and SSI not occurring. The PVC model and the concrete footing had to be scaled 
separately due to the different materials used for each. This sub-structuring may not have been 
completed correctly as the length scale was taken as the same in both models when the force and 
acceleration scaling ratios should have been kept constant. This means the concrete footing was 
probably larger than it should have been and therefore was not able to be excited by the loading that 
was applied. 

As the field test did not appear to cause SSI conclusions about SSI effect on the model response may 

Figure 5: Fundamental frequencies of the fixed base and field test models for different levels off mass added. 
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be invalid. Further work should be undertaken to produce a footing for the model that will allow SSI 
to take place. This needs to be done before further testing can be undertaken to establish the effect of 
SSI on bridge span displacements. The base connections could also be improved to ensure they are 
rigid under loading. 

From the testing the maximum displacement of the model deck and the maximum shear force and 
bending moment induced in the columns were calculated for each of the ground motions applied. 
Results for maximum displacements and shear forces are shown in Figures 6 and 7, respectively. 

 

 
 

Looking at the results of testing on the fixed base model it can be seen that for a constant level of 
added mass the maximum displacement was the largest when the model was subjected to the 
excitation relating to soft soil conditions, smaller when the model was subjected to the excitation 
relating to medium soil conditions and the smallest when the model was subjected to the excitation 
relating to hard soil conditions. A similar trend can also be seen looking at just the field test results. 
The maximum shear forces and bending moments induced in the columns also decreased as the soil 
excitation changing from soft to hard. 

These findings support the results provided in literature. In an earthquake softer soils will have larger 
amplitude ground motions which would result in larger excitation of the model and therefore larger 
model displacements. Larger displacements will result in larger shear forces and bending moments 
being induced in the columns of the model. A bridge span located on soft soil will therefore have to be 

Figure 6: Maximum measured deck displacements for varying test conditions. 

Figure 7: Maximum measured shear force in model columns for varying test conditions. 
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designed to accommodate larger horizontal displacements under seismic loading than spans located on 
harder soils. Bridge spans on soft soil should also be designed to resist larger shear forces and bending 
moments. 

3.2 Soil testing results 

The results of the SASW test are shown in Table 2. From these results it can be seen that the shear 
modulus (G), vertical stiffness (Kv) and Youngs modulus (E) of the soil all increased with increasing 

depth ( ). This is probably due to an increase in soil density and saturation further from the soil 
surface. In order for SSI to occur the footing should be imbedded deep enough in the soil to provide 
adequate stiffness to resist the applied excitations. If the stiffness is not adequate localised, slipping 
and shear failure could occur and prevent proper SSI. 

Table 2: Results of the SASW test using the medium-hard hammer tip 

 (m) ƒ (Hz) (m) G  (Mpa)  (kN/mm) E(MPa) 

0.1 248 84.8 13.7 22.8 16.38 

0.192 262 172.3 56.4 94.0 67.68 

0.323 194 214.5 87.4 145.7 104.92 

4 CONCLUSIONS 

From the results of the testing undertaken in this project a number of conclusions can be drawn: 

• The model and testing method were unable to excite the soil in order to produce SSI. Therefore 
the effect of SSI on the model response cannot be established.  

• The maximum displacement of the bridge span is largest for soft soil conditions, smaller for 
medium soil conditions and smallest for hard soil conditions. This also means that bridge 
columns for spans located on softer soils need to be designed to resist larger shear forces and 
bending moments than for spans located on harder soils. 

• Except for the lack of SSI the model responded as expected to the earthquake excitations. This 
means the model should be adequate for further testing to be conducted in order to establish 
the relative displacement that would occur between adjacent bridge spans. 

• Soil stiffness increased with depth. Therefore the footing of the model should have been 
imbedded deeper in the soil to allow the soil to have adequate strength to cause SSI. 

5 RECOMMENDATIONS 

Further work needs to be done to refine the model so that SSI effect on the response can be tested. 
This should involve checking the scaling of the footing as the footing appeared to be too large to be 
moved by the excitation applied. Once the footing design has been improved further testing could be 
undertaken to determine the relative displacement between adjacent bridge spans. This testing could 
be done by generating the different ground motions that would be applied to adjacent spans due to 
differing soil conditions, time delay and coherency loss. Each of these ground motions can be applied 
to the span individually and the results compared to give relative displacements. The effect of SSI and 
varying the fundamental frequencies of adjacent spans on the relative displacement could also be 
tested. From these relative displacements the minimum gap size required for a modular expansion 
joint could then be designed. 
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