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ABSTRACT: Pounding at bridge expansion joints has been considered as one of the 
major causes of damage during earthquakes in past decades. Considering the importance 
of bridges as a lifeline for evacuation and post-disaster rescue works and reconstruction, 
it is vital to keep bridges intact after an earthquake. The objective of this research was to 
look at impact models capable of calculating the expected pounding force at bridge 
expansion joints. The pounding force data recorded was based on a scale model, hence 
relevant for prediction of damage to real structures. It was found that the Hertz contact 
model with a non-linear damper has the ability to predict the expected pounding force to a 
reasonable degree of accuracy. The use of a verified impact model has the potential to 
provide bridge engineers with useful information about mitigation of pounding damage.  

1 INTRODUCTION 

During major earthquakes over the past several decades it has been a common occurrence that bridges 
suffer major damage due to pounding at their expansion joints. Pounding is a result of the relative 
movement of the adjacent bridge superstructures at the expansion joint. This movement can be caused 
by different structural dynamic properties of the adjacent spans and different characteristics of ground 
motions at the pier supports along the bridge. These characteristics include spatially non-uniform 
ground motions at different bridge piers caused by staggered arrival of incoming seismic waves and 
changing soil conditions along the bridge, causing different soil-structure interactions. 

1.1 Bridge girder pounding 

Pounding occurs when the closing girder movement at an expansion joint exceeds the expansion joint 
gap. The pounding force can be larger than the forces for which the bridge frame is designed. As a 
result, pounding can cause severe local damage of bridge superstructures, which can significantly 
affect the functionality of the bridge (Chouw and Hao, 2008a). In previous earthquakes severe damage 
has been observed at bridge expansion joints indicated by impact spalling of concrete or crushing of 
steel. This damage has also resulted in collapse of bridge decks due to the support at the expansion 
joint being compromised from damage due to pounding (Malhotra, 1998). 

1.2 Pounding force modelling 

Pounding is a very complicated phenomenon, which involves plastic deformations in the materials at 
the location of pounding, as well as energy dissipation during contact. Jankowski (2005) considered 
pounding in two “sub-intervals”, i.e. the approach period and the restitution period. The approach 
period covered the time from the instant when contact begins up to the maximum deformation. This 
period begins with elastic deformations followed by plastic deformations where cracking or crushing 
will usually occur. The restitution period extends from maximum deformation on to separation. 
During the restitution period the elastic deformations are restored. Most of the energy is dissipated 
during the approach period and any energy lost during the restitution period due to friction is minimal. 

Muthukumar and DesRoches (2006) presented various impact models that had the potential to 
calculate the expected pounding force under earthquake loading. The objective of their research was to 
use these different models and examine the effects of the various impact models, the system period 
ratios and energy loss during impact on the response of a two degree of freedom system.  Their 
research did not consider the magnitude of pounding force generated during impact of the bridge 
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spans. In terms of predicting the resulting displacements it was found that the model based on the 
Hertz contact law (Muthukumar and DesRoches, 2006) can be considered as the best model. However, 
this did not account for damping that occurred during impact. Therefore a new model was introduced 
with a non-linear damper to account for the energy loss. One of the key parameters required to account 
for energy loss during pounding is the coefficient of restitution of the two contacting objects. 
Jankowski (2009) presented a simple experiment for determining the coefficient of restitution for 
common building materials, such as steel, concrete, ceramics and timber.  

2 METHODOLOGY 

2.1 Prototype bridge details 
The experimental model was based on a prototype bridge in order to ensure that the model responses 
were relevant to real bridge structures. The prototype bridge used was the Newmarket Viaduct box 
girder replacement bridge currently under construction in Auckland, New Zealand. Figure 1 shows a 
typical segment length and pier height for the Newmarket Viaduct.  

100m

15.5m

50m  
Figure 1: Typical prototype span dimensions. 

A planar frame model based on the construction drawings of the viaduct was used to determine the 
dynamic properties of the prototype structure as shown in Table 1. 

Table 1: Dynamic properties of the prototype bridge. 

2.2 Similitude scaling laws 

In order to correctly scale the prototype structure, scaling similitude laws were used. The scaling rules 
used are shown in Table 2.  The original scaling rules are as found in Dove et al. (1985).  

When applying these scaling rules, there was a significant issue with correctly scaling the mass of the 
prototype structure. Owing to the limitation of the shake table’s (APS Electro-Seis® Model 400 
Shaker, Serial Number 141) load capacity being only 23 kg, there was a demand in reducing the model 
weight to within this requirement. 

Dynamic Property Value Unit 
Ie, pier 3.87E+11 mm4 
Ig, deck 9.34E+12 mm4 

Kbridge segment 7.19E+07 N/m 
Pier mass 193,068 kg 
Deck mass 17,023 kg/m 

Young’s modulus (50MPa concrete) 30 GPa 
Seismic mass (total bridge) 1,895,413 kg 

Natural frequency 0.98 Hz 
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Table 2: Scaling information of the model structure. 

From Moncarz and Krawinkler (1981) it was found that it was possible to use a distorted model called 
an “adequate model,” where changing one dimensionless product would not require adjustment of the 
others. For an artificial mass simulation using a lumped mass model (appropriate to the prototype 
structure considered) it was possible to decouple the seismically effective mass from the structurally 
effective mass. This relaxed the dimensionless product for mass shown in Table 2 and resulted in a 
new dimensionless product for mass, Nm= NENh

2.  Comparing this to the original similitude rule for 
mass shown in Table 2, it removed the dimensionless product for acceleration from the denominator, 
which significantly increased the scaling ratio for mass.  This allowed the mass of the model to be 
reduced to a level that was within the capacity of the shake tables being used.  

Table 2 also shows the scale ratios used for the various properties of the bridge. The values shaded 
show the properties of the model that were predefined. The time scale ratio was selected to be 2 in 
order to reduce the acceleration scale ratio. If the acceleration scale ratio was too high, it would have 
reduced the seismic motions applied to the model to the point where the model would not have been 
excited and no displacements would have occurred. Furthermore, a stiffness ratio of 12 arises from 
selecting the model material to be Polyvinyl-Chloride (PVC), with a modulus of elasticity of 2.5 GPa. 
From Moncarz and Krawinkler (1981) it has been recognised that PVC is a suitable material for 
modelling concrete structures in situations where micro-concrete is unsuitable due to the required 
small size of the model structure. 

2.3 Model bridge details 

120mm

21mm

3mm

SECTION A‐A SECTION B‐B
 

Figure 2: Scale model bridge segment dimensions. 

Property Original Scaling Rule Revised Scaling Rule Applied Ni 
Length Nh Nh 125 
Time Nt Nt 2 
Mass Nm = NENh

2/Ny Nm = NENh
2 187,500 

Acceleration Ny = Nh/Nt
2 Ny = Nh/Nt

2 31.25 
Stiffness NE NE 12 

Force NF = NmNy NF = NmNy 1,464,375 
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Figure 2 shows the dimensions of each span of the model bridge based on using the scale ratios deter-
mined above. In determining these model dimensions it was not possible to correctly scale all the di-
mensions of the prototype structure. Table 3 gives a summary of the parameters of the model bridge 
and indicates whether each has been correctly scaled.  

Table 3: Correctness of scaled parameters. 

Table 3 shows that all of the column parameters were not correctly scaled; however it was decided that 
the lateral stiffness of the entire model was the most important parameter to reach a correctly scaled 
natural frequency. Therefore in order to scale the lateral stiffness correctly the column parameters had 
to be adjusted slightly. The second moment of area of the deck was not adjusted to reach a correctly 
scaled bridge lateral stiffness because the deck was considerably stiffer than the columns, and any 
change to the deck stiffness had negligible impact on the overall lateral stiffness of the bridge. By cor-
rectly scaling the lateral stiffness of the bridge, the natural frequency was also able to be correctly 
scaled. It was very important that this parameter was correctly scaled to ensure that the model had a 
similar dynamic behaviour to the prototype bridge structure. 

8mm

8mm

28mm

Measuring Head

30mm 50mm

16mm

Spring steel strip fixed by screws

16mm 22mm

Pounding Head

12mm

20mm

12mm

10mm80mm

Ø25mm  
Figure 3: Pounding force measuring device. 

In order to measure the pounding force at the interface between each span of the bridge model, a 
pounding head and measuring head were fabricated from PVC plastic with the dimensions shown in 
Figure 3. Each head was glued into adjacent bridge span ends. The measuring head required a strain 
gauge to be placed on the reverse side of the spring steel strip.  This was used to measure the pounding 

Parameter Value Correctly Scaled (Y/N) 

Span length 800 mm Y 

Column height 124 mm Y 

Column width 21 mm N 

Column thickness 3 mm N 

Icol 45 mm4 N 

Deck depth 20 mm Y 

Deck width 120 mm Y 

Deck thickness 3 mm N 

Ibeam 3.82x104 mm4 Y 

Lateral stiffness 1.53x103 mm4 Y 

Seismic mass (total model) 10.11 kg Y 

Natural frequency 1.96 Hz Y 
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force by recording the voltage output from the strain gauge after appropriate calibration. 

2.4 Testing procedure for model bridge 

The simulated ground motion time histories used to perform testing on the bridge model were 
compatible with the design spectrums specified in NZS1170.5:2005 (Standards New Zealand, 2005). 
The ground motions were prepared for each of soil types A, C and D, specified in NZS1170.5:2005. 
The soil type was assumed to be the same at each support of the model bridge; however the ground 
motions were modified to correctly represent spatially non-uniform ground motions. This resulted in 
five different cases including soft soil (Class D) with coherency loss being high, medium and low, 
medium soil (Class C) with high coherency loss and hard soil (Class A) with high coherency loss. The 
synthetic ground motions were assumed to have an apparent wave velocity of 500 m/s and peak 
ground acceleration of 0.72 g. Twenty earthquakes were randomly generated for each case to ensure 
generality. The effect of time delay between spans at 100 m distance was also considered. 

2.5 Impact models considered 

The following impact models proposed by Muthukumar and DesRoches (2006) were considered for 
numerically modelling the pounding force: 

 

1. Linear Spring Model: 
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2. Hertz Contact Model: 
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3. Hertz Contact Law with Non-Linear Damper: 
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The Linear Spring model did not account for the non-linear nature of pounding because it did not 
account for the change in the cross-sectional area or the damage and deterioration that occurs to the 
superstructure during pounding. Furthermore the model ignored the energy loss that occurs during 
pounding. The Hertz contact model accounts for the non-linear behaviour. However, it also ignores the 
energy loss that occurs during pounding. Only the Hertz contact model with a non-linear damper 
considers the concerned parameters during pounding. 

2.6 Impact model selected 

Taking into consideration the attributes of each impact model, the model comprising the Hertz contact 
law and a non-linear damper as shown in Equations 5 and 6 was selected.  The symbols are explained 
by the following set of equations: 
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where kh = nonlinear impact spring stiffness; Ri = radius of an equivalent colliding sphere; hi = material 
parameters; νi = Poisson’s ratio; Ei = Modulus of Elasticity; mi = mass of span; ρ = density of bridge 
span material; ch = impact damping coefficient; ζ = impact damping ratio; e = coefficient of restitution; δ 
= relative span displacement; v1-v2 = relative span velocity after impact; u1 = displacement of bridge 
superstructure span 1; u2 = displacement of bridge superstructure span 2; gp = expansion joint gap 
length, and 1 2u u−& & = relative approaching velocity of the bridge spans 

In order for the pounding force calculated from the impact model to be compared to the pounding 
force measured from the model bridge, testing was required to determine the coefficient of restitution 
for the pounding force measuring device used on the model bridge.   

2.7 Coefficient of restitution testing 

The coefficient of restitution test configuration was based on similar testing used to determine the 
coefficient of restitution for common construction materials performed by Jankowski (2009). The 
dimensions of the measuring head shown in Figure 3 were used so that the coefficient of restitution 
testing replicated the situation occurring on the model bridge. The pounding head shown in Figure 3 
was imitated by a pounding mass shown in Figure 4(a). This was required so that the pounding mass 
could fit inside a guide tube that could control the movement of the mass in a consistent manner 
during testing. 

The pounding mass was dropped from heights ranging from 50-500 mm; at 50mm increments down a 
PVC guide tube (refer Fig. 4(b)). Five tests were performed at each drop height specified. This range 
of drop heights was selected to give a variety of prior impact velocities. The rebound height was 
measured using a laser displacement transducer mounted on a tripod. Based on the original drop height 
and the rebound height, the coefficient of restitution was calculated using Equation 14. 

 

Displacement
Laser

Guide Tube

 

                 (14)

where:
h = rebound height
H = drop height

he
H

=

 

Figure 4: (a) Pounding mass, and (b) Coefficient of restitution test setup. 
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3 RESULTS AND DISCUSSION  

3.1 Coefficient of restitution 

From the coefficient of restitution testing, Equation 15 was determined for the pounding force 
measuring device used on the model bridge. 

3 20.0012 0.0011 0.0838 0.9979                                                                       (15)e x x x= + − +  

1 2   ;  (relative prior impact velocity)
where:
x u u= −& &

 

3.2  Pounding force model 

Based on the results achieved from the coefficient of restitution testing, the selected impact model was 
utilised to calculate the pounding force. Figure 5 shows the calculated pounding force from the impact 
model and the measured pounding force from the bridge model for an earthquake event. Comparing 
the lower two plots in Figure 5, there is reasonable correlation between the measured and calculated 
pounding force. The magnitude of force is mostly similar, however between approximately six and 
nine seconds into the earthquake event, there are some noticeable differences between the calculated 
and measured force. Because the displacement transducer was not able to resolve very small changes 
(micro metres) in displacements during pounding, the computed pounding forces, which are heavily 
dependent on the relative displacements, did not reveal a time history that was highly consistent with 
the directly measured force values. However, the actual degree of accuracy achieved shows the 
potential of using an impact model to calculate the expected pounding force at a bridge expansion 
joint. 

The difference between the calculated and measured pounding force was determined at each time step 
and the average of these differences was determined over the total duration of each simulated 
earthquake. This provided a more quantifiable difference between the calculated and measured 
pounding force. Table 4 shows the average difference for four earthquakes from each of the five 
ground motion cases considered. The highlighted value represents the average difference for the 
results displayed in Figure 5. Table 4 indicates that the calculated pounding force is reasonably similar 
for most of the ground motions considered. Ground motion cases four and five were slightly more 
inaccurate compared to the other ground motion cases. This was attributed to the fact that the ground 
accelerations were lower for the harder soil types, and as a result the pounding force was lower. This 
meant that the relative displacements were more subtle, which exacerbated the limitations in the 
relative displacements discussed previously. 

Table 4: Average difference between calculated and measured pounding force. 

Case 1 Case 2 Case 3 Case 4 Case 5 

Earthquake 
Record 

No. 

Average 
Difference 

(N) 

Earthquake 
Record 

No. 

Average 
Difference 

(N) 

Earthquake 
Record 

No. 

Average 
Difference 

(N) 

Earthquake 
Record 

No. 

Average 
Difference 

(N) 

Earthquake 
Record 

No. 

Average 
Difference 

(N) 

5 3.12 1 3.68 6 3.22 4 3.61 8 4.67 

10 2.94 2 3.65 10 3.54 8 4.14 10 3.44 

13 2.54 6 2.84 12 4.15 15 4.65 14 4.40 

18 3.54 9 2.61 16 3.07 17 3.94 18 3.21 

The earthquake record number corresponds to the earthquake record from the 20 records generated for 
each ground motion case. 
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Figure 5: Comparison of measured and calculated pounding force. 

4 FUTURE APPLICATIONS 

The potential for this impact model to be incorporated into the numerical analysis of a bridge during 
the design stages would provide bridge engineers with the insight of whether the bridge superstructure 
is likely to suffer significant damage from pounding. By comparing the expected critical pounding 
force and the yield strength of the bridge material being used, it would give a clear indication as to 
whether failure or yielding of the bridge superstructure will occur at the expansion joint. Furthermore, 
instead of designing a bridge superstructure capable of sustaining the pounding force generated during 
a design level earthquake, it would provide bridge engineers with the ability to reduce the expected 
pounding force. The impact model could be easily utilised for bridges constructed from any common 
construction material, by changing the material properties used in the impact model and inserting an 
equation for the coefficient of restitution of the material being used to construct the bridge.   

5 CONCLUSIONS 

This research has focused on the behaviour of bridges at the local region of the bridge expansion joint.  
The accuracy of using an impact model to calculate the expected pounding force generated from the 
impact between the bridge superstructures at the expansion joints during an earthquake has been 
considered.  The key conclusions from this research were: 
• The impact model selected has shown the ability to calculate the pounding force expected between 

bridge superstructures during earthquakes. 
• The use of this impact model has the potential to provide bridge engineers with useful information 

to mitigate against the significant damage that has been seen to occur at bridge expansion joints 
during an earthquake. 

• Further testing is required to look into the limitations of the model bridge in order to establish more 
confidence in the accuracy of the impact model. 
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