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ABSTRACT: The use of passive damping has advantages such as low cost, predictable 
response, robustness, low complexity and ease of implementation. Recent research into 
semi-active damping systems has highlighted their highly customisable behaviour. Semi-
active damping devices with specific control laws have yielded reductions in 
displacement and structural force, while simultaneously reducing the total base-shear 
transmitted to the foundation from both structural column and damping forces. This 
research combines semi-active resetable devices with high force-to-volume passive 
energy dissipating devices. This combination can further reduce structural response if the 
passive devices provide less resistance than the base shear reduction provided by the 
semi-active components alone. Results show that a 40-65% reduction in structural force is 
possible, with no increase in the base-shear, using realistically sized dampers. This large 
response reduction with zero increase in base shear is unique to this combined system, 
and is not available through other damping techniques. 

1 INTRODUCTION 

The development of damping technologies for earthquake protection of civil infrastructure has 
received significant research interest in recent years. Recent research at the University of Canterbury 
has included work on both passive and semi-active damping techniques. The passive damping 
techniques investigated have focused on the use of high force-to-volume (HF2V) lead extrusion-based 
damping technology, where the semi-active damping research has focussed on resetable air dampers. 

Semi-active resetable air dampers consist of a double-acting piston within a containing cylinder, and 
act as pneumatic spring elements, where piston motion compresses the air, and a valve can be opened 
to release the pressurised air, dissipating energy and resetting the un-stretched spring length. These 
resetable devices have several key advantages over fully active systems. The absence of a large power 
source makes them simpler and more reliable than a fully active system. Moreover, due to the fact that 
they are reactive and do not add energy to a system, with careful implementation, they guarantee 
stability (Barroso et al. 2003; Chase et al. 2004). Semi-active systems also offer a broader range of 
control than tuned passive systems and are therefore more responsive to changes in structural 
behaviour due to non-linearity, damage or degradation. 

Semi-active resetable devices offer the unique opportunity to sculpt or re-shape the structural 
hysteresis loop to meet design needs (Chase et al. 2006). For a sinusoidal response, a typical viscously 
damped, linear structure has the hysteresis loop definitions shown schematically in Figure 1a, where 
the linear force deflection response and the circular force-deflection response due to viscous damping 
combine to give an elliptical overall hysteresis loop. Figure 1b shows the same behaviour for a 
resetable device where all stored energy is released at the peak of each sine-wave cycle and all other 
motion is resisted (Jabbari and Bobrow 2002). This device is referred to as a “1-4 device” as it 
provides damping in all four quadrants, and has the ability to dissipate significant energy. However, 
the resulting base-shear force is increased. If the control law is changed such that only motion towards 
the zero position (from the peak values) is resisted, the force-deflection curves that result are shown in 
Figure 1d. In this case, the semi-active resetable damper force reduces base-shear demand by 
providing damping forces only in quadrants 2 and 4; a “2-4 device”. Figure 1c shows a damper that 
resists motion only away from equilibrium and increases base shear, a “1-3 device”. 
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Figure 1.    Schematic hysteresis for a) viscous damping, b) a 1-4 device, c) a 1-3 device, and d) a 2-4 device. 
FB = total base shear, FS = base shear for a linear, undamped structure. FB > FS indicates an increase due to the 
additional damping. 

Conversely, passive systems also have some key advantages over fully active or semi-active systems. 
A passive system does not require any sensing, computing or actuation mechanisms and can thus be 
relatively inexpensive to manufacture and implement. Passive systems developed and currently used 
for energy absorption and base-isolation applications include lead extrusion dampers (Cousins and 
Porritt 1993) and lead-rubber bearings (Robinson 1982; Robinson 1995). Hence, they are a well 
developed structural technology that is accepted in the structural design community. 

Lead extrusion dampers used in previous structural applications have been quite large due to the 
relatively low internal pressures. Their large size is often considered an impediment, preventing 
implementation into several possible applications. Therefore, a compact, high internal pressure damper 
has been developed that enables significant new structural applications, particularly in extending 
applications to implant dampers within structural connections (Rodgers et al. 2007a). 

The newly developed dampers are significantly smaller than previous extrusion dampers, broadening 
possible structure placement into situations with tight volume constraints. However, they still provide 
the force capacity and energy dissipation of the previous, much larger, dampers. The devices are 
referred to as high force-to-volume (HF2V) extrusion dampers. 

New applications enabled by these dampers include bridge piers and structural connections, and these 
devices are also particularly well suited to connections that utilise jointed Damage Avoidance Design 
connections, as such joints have low inherent structural damping. Placement into structural 
connections has been done for both reinforced concrete (Rodgers et al. 2009b; Rodgers et al. 2008b) 
and steel frame buildings (Mander et al. 2009). The non-linear velocity dependent elasto-plastic 
hysteretic behaviour of the HF2V dampers provides an almost ideal hysteresis loop, enclosing the 
maximum area within the force and displacement constraints. Previous research has shown that these 
devices can produce significant reduction in seismic response based on spectral response analysis over 
suites of probabilistically scaled ground motions (Rodgers et al. 2008a). 
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2 DEVICE DYNAMICS AND MODELLING 

2.1 Semi-Active Resetable Devices 

Semi-active devices are hydraulic spring elements with a resetable un-stretched spring length. They 
therefore add a non-linear stiffness to the structure without altering its damping characteristics. The 
piston stores energy by compressing the working fluid, with peak energy storage occurring at the peak 
piston displacement. At this point, the stored energy can be released by discharging the fluid/air to the 
non-working side of the device, thus resetting the un-stretched spring length, as seen in Figure 2a. This 
approach yields the 1-4 device behaviour of Figure 1b. 

Figure 2b shows a modified device design where each chamber can be controlled independently 
(Chase et al. 2006). It eliminates the need to rapidly dissipate energy between the two chambers. The 
resulting independent control of the pressure and energy dissipation on each side of the piston for each 
portion of response motion allows greater flexibility in designing the overall device behaviour. This 
design thus enables a much broader range of control laws as each valve can be operated 
independently. 

 

 

Figure 2.    Semi-active device schematics a) Conventional design with single valve and external plumbing 
system, b) Independent chamber design where each valve vents to atmosphere for a pneumatic device. 

The force within a resetable device is controlled by a reference reset displacement, xreset, the location at 
which the valve was last reset and the pressure was equalised. The device stiffness used within this 
research is defined as a percentage of column stiffness to ensure that realistically sized devices are 
utilised. The device stiffness can easily be related to geometric device parameters, this is reported in 
(Mulligan et al. 2010) and is not repeated here. For the analyses within this manuscript, the device 
stiffness is set to 100% of the column stiffness, and the device force is defined as: 

( )resetresetable xxKF −=  (1) 

where Fresetable is the resetable device force, K is the device stiffness (defined as 100% of column 
stiffness), x is the resetable device displacement, and xreset is the resetable device displacement at the 
time of the last valve reset (dependent on the control law). 

2.2 High Force-to-Volume (HF2V) Lead Damping Devices 

Lead extrusion dampers can be categorised into two groups based on their fundamental design 
differences. These groups are the constricted tube type, and the bulged shaft type (Cousins and Porritt 
1993). Both types utilise the same basic concept of providing a resistive force by plastically extruding 
lead through an orifice created by an annular restriction. For a constricted tube damper, the orifice is 
created by a constriction on the bore of the outer cylinder. In contrast, bulged shaft dampers utilise a 
streamlined bulge on the central shaft. The relative merits of each are documented (Cousins and Porritt 
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1993) and focus primarily upon the ease of manufacture and the ability to achieve predictable and 
repeatable performance. The prototypes used by the authors are based on the bulged shaft design for 
low cost and ease of manufacture. The plastic deformation associated with the extrusion process 
absorbs large amounts of energy and provides a much stiffer damper capable of absorbing far more 
energy than an equivalent sized fluid viscous damper due to the much larger bulk modulus of lead. 
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Figure 3.    Cross-sectional view of a typical HF2V damper. 

The HF2V damping devices are modelled as weakly velocity dependent non-linear viscous dampers 
(Pekcan et al. 1999). As such, the device force, FHF2V, is defined: 

α
α xCF VHF =2  (2) 

where C  is a constant dependent on device geometry, x is the velocity of the device shaft, and   is the 
velocity exponent, equal to approximately 0.12 for a bulged-shaft lead extrusion damper (Mander et 
al. 2009; Pekcan et al. 1999; Rodgers et al. 2008a). 

For the analytical investigation, the value of the device constant, C , is determined from the design 
force level of the HF2V device. The design force is defined as a percentage of seismic structural 
weight, giving a non-dimensional damper capacity,  , defined: 

W
xC ref

α
αε =  (3) 

where W is the total seismic weight of the structure (N). 

3 COMBINED DAMPING SYSTEM 

As discussed previously, both the passive and semi-active systems have their respective advantages, in 
terms of cost, simplicity, and influence on overall structural response. It has been shown in previous 
research (Rodgers et al. 2007b) that semi-active devices with the 2-4 control law have the ability to 
reduce the structural force (column shear force) while also reducing the total base shear. Rodgers et al. 
(2007b) presented a spectral analysis across 3 suites of probabilistically scaled earthquake ground 
motions. The Rodgers et al. (2007b) study investigated and quantified these simultaneous reductions 
of structural force and total base-shear achieved with the use of the 2-4 control law. This ability is also 
shown schematically in Figure 1, where the bottom row of plots presents how damping forces for the 
2-4 device do not add to the peak structural force, and base shear is not increased. Rodgers et al. 
(2007b) also shows that while the 2-4 control law can achieve these simultaneous reductions, the 
reduction in structural forces are not as large as can be achieved by the use of the 1-4 control law. This 
result can be explained by the simple fact that the 1-4 control law is always resisting the motion of the 
structure, and therefore has longer active strokes. This induces higher internal air pressures, and 
consequently dissipates more energy during valve reset. This leads to the conclusion that the 2-4 
control law is particularly useful if base-shear is the primary design consideration, whereas the 1-4 
control law is preferable if large structural force reductions are desired. 
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A similar spectral investigation is performed for the passive HF2V devices in Rodgers et al. (2008a). 
This research showed that while the passive HF2V devices do not have the same ability to customise 
the overall structural hysteresis, substantial response reductions can still be achieved with an 
unsophisticated implementation of realistically sized dampers (Rodgers et al. 2008a). Moreover, in 
Rodgers et al (2009a) it is observed that the combination of both the semi-active resetable devices 
utilising the 2-4 control law, and the passive HF2V devices could lead to improved response 
reductions. 

In short, the addition of passive HF2V damping to the resetable devices could lead to what was termed 
a ‘net-zero base-shear’ design approach. The concept involves adding passive damping to the 2-4 
device, such that the base-shear is essentially unchanged from the uncontrolled structure, but that the 
structural force reductions are increased. More simply, passive devices could be added to provide 
added response reduction in parallel with 2-4 devices and thus ‘replace’ the base shear ‘savings’ from 
the semi-active devices. 

Figure 4 presents a schematic representation of the net-zero concept. In the left plot, the structural 
displacement, and hence the structural force (ie: the shear force resisted by the column) are reduced by 
the addition of a supplemental damping system. The middle plot of Figure 4 presents the individual 
damping contributions of the HF2V device and the 2-4 resetable device, as well as the combined 
response of the overall damping system. The right plot presents the sum of the structural and damping 
forces, which represents the total force transmitted to the foundation, termed the total base-shear. It 
can be seen in this final schematic that the total base-shear for the controlled and uncontrolled 
structure can be similar, despite the reduced structural column forces in the controlled structure. 

The increased reduction in structural force could see the combined system provide equal or greater 
response reduction than that from using 1-4 control devices, without an increase in base-shear. This 
research presents a spectral analysis similar to that presented in Rodgers et al. (2008a; 2007b), but 
analysing the combined system, to investigate the ‘net-zero base shear’ concept. 
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Figure 4.    Schematic of the net-zero base-shear concept. 

4 METHOD OF ANALYSIS 

This paper presents a spectral investigation of the combined effects of the semi-active resetable 
devices utilising the 2-4 control law, and passive HF2V dampers. The spectral investigation is 
performed for the response of a seismically excited single degree of freedom structure fitted with the 
combined damping system. The model structure has an inherent structural damping equalling 5% of 
the critical equivalent viscous damping. The research utilises three earthquake suites from the SAC 
project (Somerville et al. 1997), representing ground motions having probabilities of exceedance of 
50%, 10%, and 2% in 50 years respectively in the Los Angeles region, referred to as the low, medium 
and high suites, respectively. Response statistics are generated from the results of each 
probabilistically scaled suite. The distribution of responses can be modelled by a log-normal 
probability density function. Thus, the spectra can be analysed using the appropriate lognormal 
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statistics (Kennedy et al. 1980). Variables within each suite may thus be represented by a median (the 
log-normal mean) and log-normal standard deviation (Limpert et al. 2001). This is the same approach 
utilised in Rodgers et al. (2008a; 2007b) and facilitates easy comparisons. 

The investigation focuses on the reductions achieved in both structural force and total base-shear, as 
these are the key parameters for this analysis. The analysis is performed by first simulating the 
response of the structure with only the semi-active resetable device. The resetable device uses the 2-4 
control law, with the device stiffness set to 100% of the column stiffness as in Rodgers et al. (2007b). 
These responses are then compared to the response of the uncontrolled structure, with only 5% internal 
structural damping and no supplemental damping system. 

The reductions in total base-shear are calculated for the semi-active system, and an HF2V damping 
system is sized based on the magnitude of the force reduced and added to the structure. This addition 
of the passive HF2V device will add damping forces near peak displacements, and increase the 
base-shear. However, by adding the passive HF2V damping, further response reductions are achieved. 
Hence, the process requires iteration to get a net-zero solution. Thus, the passive damping system is 
continually increased in magnitude (defined with the nominal peak force as a percentage of total 
seismic weight of the structure, given in Equation (3)) until the base-shear is equal to that of the 
uncontrolled response. For some periods, the passive damping system get impractically large, so upper 
bounds are applied, and will be discussed in further detail later. 

5 RESULTS AND DISCUSSION 

When calculating the peak force for the passive damping device, it is necessary to provide an upper 
bound, to avoid unrealistic scenarios. At some structural periods, a base-shear reduction is inevitable, 
as the addition of the passive damping device reduces the structural force by an amount greater than 
the force that it adds to the base-shear. Therefore, the peak force of the passive damping system was 
capped at   = 100% of the seismic weight of the structure. Figure 5a presents the lognormal mean 
structural force reduction factors for the analysis, overlaid on the corresponding results for the semi-
active system alone, as presented in Rodgers et al. (2007b). It can be seen in Figure 5a that the limit of 
HF2V device peak force of   = 100% is actually far too high, and results in an almost rigid structure. 

The structural force reduction factors, defined as the structural force with the supplemental damping 
system divided by the value from the uncontrolled response, show that column force, and thus 
displacements due to the linear structure, are severely reduced. Within the range of structural periods 
from T = 0.5 – 3.0s, the reduction factors are between 0.05-0.1, representing a 10-20x reduction in 
structural force. The damping forces required from the passive HF2V damping devices are also 
impractically large, with design forces capped at 100% of total seismic structural weight. The 
structural force reductions of 10-20x indicate that the structure has been made very rigid, and 
accelerations will increase significantly. This system clearly does not have the right balance of good 
design, and the concept of a truly ‘net-zero’ base shear design may not be possible. This result is not 
altogether negative, as it indicates that the realistic system would still have reductions in base shear. 

Considering the results seen for the 100% cap on passive device design force, the limit was reduced to 
10% of seismic structural weight for a better balance and to match Rodgers et al. (2008a). This 
reduced cap will result in the base-shear reduction factors being less than 1.0 for a majority of the 
spectrum. While this does not fulfil the original concept of the net-zero design, it may be possible to 
see reductions in both structural force and total base-shear. 

It can be seen in Figure 5a that with the limit of   = 10% (defined in Equation (3)) for the passive 
system, the structural force is reduced significantly less than with the   = 100% cap. The structural 
force reductions are similar across the spectrum to those seen for the 1-4 control law. For periods of 
T = 0.3 – 1.3s, the structural force reductions are less than those seen for the 1-4 device. However, 
outside this range, the structural force reductions are significantly better than that achieved by the 
semi-active system with the 1-4 control law. This result indicates that the combined system is capable 
of structural force reductions superior to the best of the control laws presented in 
Rodgers et al. (2007b). 
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Figure 5.   a)  Structural force reduction factors, and b) total base-shear reduction factors 

Figure 5b presents the lognormal mean response reductions for the total base-shear, again overlaid 
with the results from the analyses in Rodgers et al. (2007b). It can be seen that in the initial analysis 
where the passive device has a limited design force of   = 100% of the seismic weight, the ‘net-zero’ 
design objective is achieved within the range of T = 2.5 – 5s. For periods less than 2.5s, the limit of 
100% is reached before the net-zero point is reached. It can also be seen in Figure 5b that the response 
with the cap on HF2V device design force of 10% of the seismic weight still produces substantial 
base-shear reductions. For periods less than 2.5s, the base-shear reductions are actually larger than that 
achieved by the semi-active device with 2-4 control alone, where above 2.5s structural period, the 
base-shear reductions are smaller than those achieved by the 2-4 device alone. However, it should be 
noted that across the entire spectrum, total base-shear is reduced for the combined system, a feat that 
cannot be achieved with the 1-3 or 1-4 control laws. 

The 2-4 control law is the only one that can reduce base-shear, but this control law shows much 
smaller structural force reductions, as seen in Figure 5. The combined system shows similar base-shear 
reductions to the 2-4 control system, but has the advantage that it can simultaneously provide 
structural force reductions similar to the 1-4 control law. Overall, the combined system has been 
shown to provide the best structural force reductions of any of the control laws, while also providing 
the best total base-shear force reduction. This result indicates that the benefits of both the 1-4 and 2-4 
control laws can be achieved by utilising the combined passive and semi-active system. The combined 
system also has the added advantage that it is more robust than the semi-active system, due to the fact 
that if the complex resetable device fails and reverts to a fail-safe mode (open valve damper) then 
substantial response reductions are still possible as illustrated in Rodgers et al. (2008a). 

6 CONCLUSIONS 

This research demonstrated that the combination of a novel, two-chamber resetable device and high 
force-to-volume (HF2V) passive lead damping device can achieve substantial structural response 
reductions to earthquake excitation. While an initial analysis produced very large structural force 
reductions, the result was less than optimal as it was not a good design balance and required 
unreasonably large design forces for the passive damping devices. When using reasonably sized 
passive damping devices with design forces limited to 10% of seismic weight, the combined system 
achieved structural force reductions similar to that achieved by the 1-4 control law alone. The real 
strength of the combined system is that it can also provide reductions in the total base shear force 
similar to the 2-4 control law. The combined system also has the additional benefit that it achieves 
substantial reduction in fail-safe mode, in case power is lost to the resetable devices. In summary, the 
combination of the two damping techniques creates a robust system that provides the best aspects of 
both the 1-4 and 2-4 control law. 

a) b) 
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