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ABSTRACT: Response spectra analysis across multiple earthquake suites is used to 

investigate the reductions in structural response from the addition of lead extrusion 

damping, based on ongoing research with high force/volume devices suitable for 

packaging in beam-column connections. Reduction factor statistics are used to 

characterise the response using suites of ground motions from the SAC project. 

Regression analysis is used to characterise reduction factors in the constant acceleration, 

velocity, and displacement regions of the response spectra. Peak damping reduction 

factors achieved with the addition of extrusion damping equal to 10% of structural weight 

are approximately 6.5x, 4.0x, and 2.8x for the low, medium and high ground motion 

suites respectively, based on a validated full-scale prototype device. The results provide 

initial proof-of-concept in a performance based design context, at experimentally verified 

forces, for using these devices to increase the seismic resilience of critical infrastructure.  

1 INTRODUCTION 

Earthquakes can cause significant damage and degradation, especially in beam/column connections, 

which is difficult and expensive to identify and repair. Although damage also provides significant 

energy dissipation, it is desirable to achieve it without permanent structural damage. Active and semi-

active systems have been investigated as means of reducing seismic response, but are significantly 

more complex than passive systems.  

Passive systems developed for energy absorption and base-isolation applications include lead 

extrusion dampers (Cousins and Porritt, 1993) and lead-rubber bearings (Robinson, 1982). Lead 

extrusion dampers are commonly used in such structural applications, but are very large due to the 

relatively low internal pressures, impeding implementation into a broader range of applications. 

Therefore, a compact, high internal pressure damper would enable applications with tight volume 

constraints, while providing similar force capacity and energy dissipation as larger dampers. 

One application, enabled by reduced device size, is placement into reinforced concrete beam-column 

connections, where extrusion damping can reduce yielding of the reinforcing bars, as shown in Figure 

1a. Reduced size also enables placement in steel frame building columns to reduce yielding of the 

main structural frame elements, as shown in Figure 1b. Both applications, and other similar 

approaches, are enabled by the high force to volume ratio created by a device that is much more 

compact that existing devices. 

This research investigates the effect of supplemental lead or solder extrusion damping on structural 

response. The analyses are based on a validated full-scale prototype device (Rodgers et al, 2005) that 

provides an almost square hysteresis loop, giving maximum energy dissipation per cycle. Response 

spectra analyses using three suites of earthquake records from the SAC project (Sommerville et al 

1997; SAC 1999) are employed to create a link to standard performance based design methods. 

Performance is measured using log-normal statistics, focusing on spectral acceleration and the 

corresponding reduction factors from the unmodified case. Regression analysis is then employed to 

develop expressions to estimate the damping reduction factors for structural design purposes. 
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Figure 1: Schematic representation of extrusion damper placements into a) a bridge pier; b) reinforced beam-
column connection, and c) a steel beam column connection. 

2 DEVICE DESIGN AND CHARACTERISATION 

Lead extrusion dampers can be categorised into two groups, the constricted tube type and the bulged 

shaft type (Cousins and Porritt 1993). Both types provide resistive force by plastically extruding the 

lead through an annular restriction. The prototype constructed and tested in this research is a bulged 

shaft lead extrusion damper approximately 100 mm in diameter, and 150 mm in length. Initial low 

speed testing provided peak forces of 250-350kN at different velocities (Rodgers et al, 2005). 

The damper is modelled as a non-linear velocity dependent damper, with peak force, F, defined: 

α
α xCF &=  (1) 

where Cα = a constant dependent on device geometry and working material, x&  = the velocity of the 

structure; and α = the velocity exponent. Pekcan et al (1999) showed that such non-linear dampers can 

be characterised in terms of equivalent viscous damping ξd: 

)85.185.0(5.0)15.015.1(5.0)15.085.0(5.0

)1(15.0

75.0

2

1

−−+

−










+
= ααα

α
π

α

ε
ξ ddd CSg  (2) 

where Sd = the spectral displacement; Cd = Vb/W = the normalised base-shear demand; Vb = the total 

base shear force; W = the total seismic weight; g = the acceleration due to gravity; and ε = the non-

dimensional damper capacity, defined as: 
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in which      = a reference velocity used as a standard when testing velocity sensitive dampers, for 

convenience this can be taken as       = 1 m/s. For bulged shaft dampers α = 0.11 to 0.15 is appropriate. 

Thus, for convenience, substituting α = 0.1304, and g = 9.81 m/s
2
 into Equation (2) gives an 

expression for damping that is displacement independent: 
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where ε can be thought of as the normalised damper capacity, defined as the peak damper force for a 

full speed test, with respect to the structural weight. This result shows that the equivalent viscous 

damping for a bulged shaft type of lead extrusion damper is displacement magnitude invariant. More 

importantly, it links the device design to an equivalent damping metric used in standard structural 

design and approximated from response spectra. 
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3 SPECTRAL ANALYSIS METHOD 

The analysis uses an equivalent single-degree of freedom (SDOF) system with structural viscous 

damping 5% of critical. Additional damping is provided by a non-linear bulge-shaft type lead 

extrusion damper, with a velocity exponent α = 0.12 (Cousins and Porritt, 1993). The non-dimensional 

force levels (ε) for the dampers are parameterised to 1, 2, 5 and 10 % of total structural weight. The 

value of the device constant Cα in Equation (1) was calibrated to give the prescribed force level, 

corresponding to a percentage of structure weight, at a reference velocity of 1 m/s. Spectra are 

generated for three suites of 20 ground motions each from the SAC project (Sommerville et al 1997; 

SAC 1999). The low, medium and high suites represent ground motions having probabilities of 

excedance of 50% in 50 years (low), 10% in 50 years (medium), and 2% in 50 years (high), 

respectively. The response spectra are analysed using lognormal statistics for the 20 ground motion 

records within each suite and for all 60 ground motions together (Kennedy et al, 1980).   

More specifically, for each suite, the median (log-normal geometric mean) and log-normal standard 

deviation, referred to herein as the dispersion factor (β), are plotted against natural period at each 

increment. All of the acceleration response spectra were scaled to give a reference value of 1g at a 1 

second structural natural period. By normalising the acceleration response spectra, meaningful 

conclusions can be drawn that are independent of the relative magnitudes of the respective ground 

motion records. 

4 SPECTRAL RESPONSE ANALYSIS RESULTS 

4.1 Spectral response results 

The median response spectrum for each suite and the overall median across all suites are presented in 

Figure 3. To indicate the effect that extrusion damping has on the spread of the results, dispersion 

factors (β) are plotted against structural natural period and presented in Figure 4. Reductions across a 

suite of earthquakes can be represented by the use of damping reduction factors. The damping 

reduction factors for the geometric mean responses are presented in Figure 5, where the reduction 

factor is a divisive factor, and represents the factor by which one must divide the uncontrolled 

response by to obtain the response with additional damping. The reduction factors are then normalised 

to the overall average response over all three suites, as shown in Figure 6, illustrating the relative 

impact of these dampers over all suites together. 

The largest damping reduction factors in Figure 5 are seen in the low suite, with an average reduction 

factor of approximately 6.4x in the constant displacement region of the spectra for 10% added 

extrusion damping. This value compares with average reduction factors of approximately 3.75x and 

2.5x for the same region of the medium and high suites respectively. The overall reduction factors for 

the whole set of earthquake records shows an average value of approximately 3.9x in the constant 

displacement part of the spectrum. Thus, substantial decreases in the spectral acceleration response are 

achieved using realistically sized extrusion dampers, capable of fitting into structural connections. 

To investigate the suite dependence of the reduction factors, the normalised reduction factors are 

calculated. These normalised factors are defined as the geometric mean reduction factor derived from 

each suite divided by the overall geometric mean reduction factors from all ground motions records 

over all three suites to illustrate the relative performance of the extrusion dampers across each suite. 

The results in Figure 6 indicate that the dampers produce the biggest reductions in spectral 

acceleration for the more vibratory ground motions of the low suite. The reduction factors for the low 

suite are greater than the overall average across the entire spectrum. The medium suite showed 

reductions in line with the overall average, with normalised reduction factors close to unity across the 

entire spectrum. Normalised reductions for the high suite were as low as 0.6x across a substantial 

range of the spectrum, indicating that the extrusion dampers are not as well suited to the large pulses 

of the high suite near-field events, as they are to more vibratory ground motions. 
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Figure 2: Median acceleration response spectra for each suite and across all suites 

 

a)  b) 

 

c) 
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Figure 3: Dispersion factors (β) for the acceleration response for each suite and overall. 
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a) 
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c) 

 

 

Figure 4: Damping reduction factors for the geometric mean responses within each suite. 

 

 

  

  

Figure 5: Geometric mean acceleration reduction factors derived from each suite normalised by the geometric 

mean acceleration reduction factors from all ground motion records. 
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4.2 Empirical modelling of results 

To enable future applications to be incorporated into structural design procedures equations to 

estimate these damping reduction factors are required. Previous research has utilised non-linear 

regression analysis to develop a single equation model that approximates the reduction factors across 

the entire spectrum (Lin and Chang 2004). This research utilises a new method of segregating the 

spectrum into three regions based upon the existing bifurcation points, and developing equations for 

each of these regions. 

Although the normalised reduction factors in Figure 6 show reasonable variations across the three 

suites, especially for high additional damping, seismic design procedures are normally based upon 

earthquake design spectra that have characteristics similar to the medium suite. The normalised 

reduction factors for the medium suite show little variation from the overall average. Thus, equations 

are fit to the overall median reduction factors, for the constant acceleration, constant velocity, and 

constant displacement portions of the spectra. Linear regression is employed to develop equations for 

the constant acceleration and constant displacement regions, and linear interpolation is utilised to 

define the constant velocity region. Regression analysis gives the equation for the constant 

acceleration region of the overall geometric mean reduction factor spectra as: 

ε8.51+=aB                                     (T < 0.5 sec) (7) 

where ε is the damper reference force as a fraction of total structural weight. Similarly, the equation 

for the reduction factors in the constant displacement region of the overall geometric mean response 

is: 

ε6.271+=dB                                  (T ≥ 3 sec) (8) 

Linear interpolation between the values at 0.5 second and 3.0 seconds natural period, given by 

Equations (7)-(8), yields the equation for the constant velocity region: 

ε)44.172.8(1 ++= TBv                 (0.5 ≤ T < 3 sec) (9) 

where T is the structural natural period, and ε is the reference force as a fraction of total structural 

weight. The reduction factors for the overall simulated geometric mean response are presented with 

the corresponding plot from the multiple equation model in Figures 6a,b. To represent any bias from 

using equations to approximate the damping reduction factors, the multiplicative error factors are 

calculated, by dividing the reconstructed spectra by the corresponding exact spectra. This value gives 

an indication of the relative error introduced by this design approach. These multiplicative error 

factors are plotted in Figure 7, indicating that the maximum bias introduced is less than ±10%. 

 

a) 

 

b) 

 

Figure 6: Reduction factors for the a) simulated spectra , and b) regression model estimate. 
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Figure 7: Multiplicative error factors for the design spectra derived by the regression model 

 

4.3 Design implementation 

The capacity-demand spectrum is useful where a realistic evaluation of the earthquake hazard can be 

analysed based on prior records. The seismic demand spectrum is given as the lesser of: 

 (10) 

 

where Fa and Fv are spectral acceleration adjustments for short and long periods; Ss and S1 are spectral 

acceleration at short periods and the one-second period; Ba, Bv, and Bd are the approximate damping 

reduction factors defined in Equations (7)-(9); T is the structural period; and Td = the period at the 

junction of the constant spectral acceleration and displacement portions of the spectra. The response 

spectra were normalised to 1g at 1 second, so using a Design Acceleration Intensity value of 1g, and 

assuming normal soil, yields FvS1 = 1g, and setting FaSs = 2.5 FvS1 gives: 
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The seismic demand spectrum generated by Equations (11)-(13) is shown in Figure 8a, which can be 

transformed into the acceleration-displacement response spectra (ADRS) in Figure 8b using:  
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Figure 8: Design Spectra based upon approximate damping reduction factor equations for FvS1 = 1g. 
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To investigate the systematic bias introduced, divisive error factors are calculated, representing the 

exact overall median spectra divided by the capacity demand spectra. The results in Figure 9 indicate 

that the proposed seismic demand spectrum is conservative as the divisive factors are less than unity, 

except for large added damping in the 0.8 – 2.3 second range where small excesses are evident. 

Overall, these results indicate that the design approach is generally conservative. 

 

Figure 9: Divisive error factors between the exact spectra and the capacity-demand spectra. 

5 CONCLUSIONS 

Comprehensive spectral analysis using a range of earthquake suites has shown that significant 

reductions in acceleration response can be achieved given high force to volume dampers. Analysis 

shows that the addition of extrusion damping with force levels of up to 10% of structural weight can 

produce response reduction factors of up to approximately 6.5x, with average values around 3.9x. 

Normalised reduction factors show that the dampers perform significantly better across the entire 

spectrum for the more vibratory ground motions than for large near-field pulses. Multiple equation 

regression analysis derived empirical expressions are developed to model these reductions factors and 

multiplicative error factors indicate that the maximum systematic bias introduced is conservatively 

less than ±10%. Overall, the results presented provide the methods and tools to develop and analyse a 

wide variety of applications using high force to volume damper devices. 
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