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ABSTRACT: Passive energy dissipation has advantages such as low cost, easily 
predictable response, and ease of implementation, which are offset by difficulty tuning or 
designing devices for optimum behaviour over a range of inputs and responses. Semi-
active systems offer customised response and provide a control input that adapts to 
structural response without excessive energy input. Specific control laws can 
simultaneously reduce displacement and total base-shear transmitted to the foundation – a 
unique semi-active capability. These significant advantages can be offset by the limited 
energy dissipation that can arise as a result.  

This research focuses on a more effective resetable device control law called the 
“diamond control law,” for its unique semi-actively enabled device hysteresis loop, which 
maximises energy dissipation while simultaneously minimising the impact on base shear 
forces. It achieves this affect by controlling the release of stored energy in the resetable 
device - smart dissipation in place of maximum or instantaneous uncontrolled release 
typically used in such devices. A spectral analysis shows that this new approach enables a 
decrease of 30-40% for both displacement and structural force, which is equivalent to 15-
20% critical viscous damping for an uncontrolled base structure. The total base shear is 
also decreased by 40%, which has significant potential benefits for retrofit applications. 
This level of displacement and base shear reductions was not available (in combination) 
from prior resetable device control approaches, nor from any passive device or system, 
and thus represents a significant expansion of the design space and capability for seismic 
energy dissipation. 

1 INTRODUCTION 

Semi-active control is emerging as an effective potential method of mitigating structural damage from 
large environmental loads, such as wind loading and seismic excitation. In particular, a large 
power/energy supply is not required for significant response reductions (Dyke and Spencer, 1996, 
Chase et al., 2006),  and they provide the broad range of control that a tuned passive system cannot 
(Mulligan et al., 2009, Rodgers et al., 2007). Semi-active systems are also strictly dissipative.  

Resetable Semi-active devices are hydraulic spring elements with a resetable un-stretched spring 
length (Bobrow et al., 2000, Mulligan et al., 2010). Therefore, they add a non-linear stiffness to the 
structure without altering the inherent viscous or structural damping. Specifically, piston displacement 
input from the structural response stores energy by compressing a working fluid. Release of this stored 
energy at peak displacement or velocity, subject to a specific control law, removes structural response 
energy and results in unique device-specific hysteresis loops (Chase et al., 2006). 

Semi-active control of these devices thus offers the unique opportunity to sculpt or re-shape the 
structural hysteresis loop to meet design needs (Chase et al., 2006, Mulligan et al., 2010, Rodgers et 
al., 2007). For example, given a sinusoidal response, a typical viscously damped, linear structure has 
the hysteresis loops shown in Figure 1a, where an un-dissipated linear force deflection response is 
added to the circular force-deflection response due to viscous damping, in this example, to create the 
well-known overall hysteresis loop. Figure 1b shows the same behaviour for a simple resetable device 
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where all stored energy is released at the peak of each sine-wave cycle and all other motion is resisted 
(Bobrow et al., 2000). This form is denoted a “1-4 device” as it provides damping in all four quadrants 
(Bobrow et al., 2000, Chase et al., 2006). A resetable device with this effective stiffness controlled in 
this fashion will therefore dissipate the greatest possible amount of energy. However, the resulting 
additional reaction loads of resisting motion away from equilibrium create additional demands on the 
foundation, resulting in increased total base-shear forces.  

If the control law is changed, such that only motion towards the zero position (from the peak value) is 
resisted, the force-deflection curves that result are shown in Figure 1d that reduces base shear,  a “2-4 
device”. Figure 1c shows a damper that resists motion only away from equilibrium and thus it too 
increases base shear, a “1-3 device”. 

Significant advantages could be obtained by enhancing the energy dissipation of the 2-4 device to 
provide greater displacement response reduction (Mulligan et al., 2009), especially if base shear 
reductions were maintained. Thus, Figure 1 (e) shows a novel device that resists motion from a peak 
value towards the zero position like, a 2-4 device. However, semi-actively controlled energy release in 
quadrants 1 and 3 yields, a “diamond” device with a diamond-shaped hysteresis loop that dissipates 
more area (larger loop) than 2-4 devices. Importantly, the diamond shape also means base shear will 
not be increased, and may still be decreased if displacement reductions are increased over the 2-4 
device, thus dramatically expanding the design space of resetable devices.  
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Figure 1:    Schematic hysteresis for a) viscous damping, b) a 1-4 device, c) a 1-3 device, d) a 2-4 device, and e) 
a diamond device.. FB = total base shear, FS = base shear for a linear, undamped structure. FB > FS indicates an 
increase due to the additional damping. 

2 MODELLING SEMI-ACTIVE RESETABLE DEVICES 

The resetable devices studied here are based on the novel 2 valve, independent chamber design of 
Chase et al (Chase et al., 2006, Mulligan et al., 2009). The two valves can be independently controlled 
to manage the working fluid in each chamber independently, to atmosphere with air for a reservoir and 
accumulator or hydraulic fluids. It is this independent control of each chamber that makes these 
devices unique from other designs, and enable the control laws and unique capabilities in Figure 1. 
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Figure 2: Semi-active device schematic with independently controlled device chambers 

The resetable devices studied here are modelled by recording a reference reset displacement at the 
location where 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 realistically sized devices 
are analysed (Rodgers et al., 2007). The device stiffness can easily be related to geometric device 
parameters and working fluid to design a given device (Chase et al., 2006). For this paper, device 
stiffness is set to 100% of the column stiffness, and the device force is defined: 

( resetresetable xxKF −= )                              (1) 

Where Fresetable is the resetable device force, K is the device 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). 

Figure 3 shows a typical diamond control law for a random earthquake excitation of a single degree 
freedom structure. Resistive force increases linearly when the motion is toward zero and decreases 
with the same slope when the motion passes the zero. The negative slope in quadrants 1 and 3 is thus a 
function of controlled energy release. The slope is kept the same, thus assuming that the response 
cycle will maintain a similar motion amplitude. This assumption is not perfect, but maintains 
simplicity as a release rate and valve size can be calculated readily.  

 
Figure 3: Typical force/displacement diamond c
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reverses with smaller amplitude than the prior cycle (first case) and where it has larger subsequent 
amplitude (second case). It is thus a simplified, but easy to implement, device control approach to 
achieve a complex overall device behaviour, and to assess its impact in this proof of concept analysis. 

3 ANALYSIS METHODS 

This paper investigates the relative effectiveness of the new diamond control laws in Figure 1e 
compared to the 2-4 and 1-4 device control laws analysed in prior spectral analyses (Rodgers et al., 
2007). For design purposes it then determines the equivalence between a structure fitted with this type 
of semi-active device and a structure with equivalent internal viscous damping to quantity the 
equivalent dissipation obtained. Thus, the net effect is assessed on structural response and base shear, 
and compared to a standard metric of dissipation. 

For this investigation the effect of the different valve control laws is simulated on the response of a 
seismically excited single degree of freedom structure fitted with a semi-active device. The 
uncontrolled model structure includes internal structural damping equal to an equivalent viscous 
damping of 5%. This approach is commonly adopted. It has also been used in previous studies on 
semi-active and passive energy dissipation devices (Rodgers et al., 2007, Rodgers et al., 2008).  

This research utilizes three earthquake suites from the SAC project, with 10 time histories and two 
orthogonal directions for each (Sommerville et al., 1997), a total of 60 ground motions. The three 
suites represent ground motions having probabilities of excedance of 50% in 50 years, 10% in 50 
years, and 2% in 50 years in the Los Angeles region, and are referred to as the low, medium and high 
suites. Response statistics can be generated from the results of each probabilistically scaled suite, 
enabling assessment of robustness across a wide range of inputs with equal probability of occurrence. 

Response spectra are generated for the three suites of ground motions, and spectral response plots are 
generated for structural displacement, structural force, and the total base shear force Equivalent 
viscous damping is also assessed by increasing the internal viscous damping in the uncontrolled model 
structure for comparison. Note that the structural force is defined as the base shear for a linear, un-
damped structure, whereas the total base shear is defined as the sum of the structural force and the 
resisting forces from the semi-active resetable device. The structural force is thus an indication of the 
required column strength and the base shear is an indication of the required foundation strength. 
Equally, the structural force spectral response is thus equivalent to the displacement response but for a 
factor of the column stiffness. The equivalent viscous damping analysis allows comparison between a 
system using resetable devices and equivalent structure with a high level of internal damping.  

Each response spectra is generated for each ground motion from 0.1 to 5.0 s in 0.1 s increments both 
with devices and uncontrolled. Spectra were created for each device type (1-4, 2-4, diamond) and for 
internal viscous damping of 10 to 50% in 10% increments on the uncontrolled base structure to 
determine the equivalent viscous damping. 

Response spectra are generated for every earthquake record at 0 (uncontrolled, 5% internal viscous 
damping), and 100% added semi-active devices stiffness. Peak displacements were then normalized to 
the uncontrolled base structure case yielding reductions factors (RF) to provide an equivalent 
comparison across each period. The maximum structural force and maximum total base-shear was also 
recorded and normalized to the uncontrolled state to give RFs for these response metrics. 

4 RESULTS AND DISCUSSION 

4.1 Structural force and base shear results: 

The mean reduction factors (RFs) for the three suites (low, medium, high) for each of the three control 
laws are presented in Figures 4(a-c) for the structural force, and are thus equivalent to the 
displacement spectral RF plots. Figures 5(a-c) show the RFs for the total base shear force. In addition, 
Figure 4d and Figure 5d show the mean reduction factor performance of the 1-4, 2-4 and diamond 
devices over all 60 records of 3 suites to easily compare their performance.  
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It is immediately clear in the first three plots (a-c) of Figures 4-5 that performance is effectively suite 
invariant for all control laws. Furthermore, the 1-4 control law is 1.5-2.0 times more effective in 
reducing the response metrics as it encloses more area in its hysteretic loop. In particular, the structural 
force reduction factor is 0.4-0.6 for the 1-4 device and similar results are seen for base shear force and 
displacement. Interestingly, these differences are reduced at higher periods above 2.5-3.0 seconds, 
particularly for the diamond devices. 

These differences are explained by the fact that the 1-4 device provides resistive force in all 4 
quadrants, whereas the 2-4 device produces resistive force only during 50% of each cycle. In contrast, 
1-4 device increases total base shear force on building periods greater than 1s. Hence, the 1-4 devices 
produce more stress on the columns and foundations, and thus potentially a need to strengthen them in 
retrofit or to over design them in a new structure using these devices.  

 
Figure 4: Reduction factors for the structural force for a linear, undamped structure where: (a)–(c) show each 
suite for each device type (2-4, 1-4, diamond). The reductions factors are largely suite invariant. Plot (d) shows 
the three control laws averaged over all three suites. 

The 2-4 control law structural force reduction factors are about 0.7-0.8. However, it also 
approximately equally reduces the total base shear force by a factor between 0.7 and 0.8, reducing 
demand on the foundations of the columns. Hence, it may be particularly effective in retrofit scenarios. 
Equally, these reductions are far more constant or consistent across all periods.  

Finally, the diamond control law is more effective than a 2-4 device control law in dissipating energy 
and reducing response, but still less effective than the 1-4 device. It yields a 0.6-0.8 structural force 
reduction factor and, as the 2-4 the device, it is also able to decrease the base shear force by 0.6-0.7x. 
Both of these results are better than the 2-4 device alone due to the larger dissipated energy enclosed 
in the diamond hysteresis loop. This outcome is a direct result of its careful design, which was created 
to maximize dissipation without increasing base shear.  

5 



 
Figure 5: Reduction factors for the base shear force for a linear, undamped structure where: (a)–(c) show each 
suite and device type (2-4, 1-4, diamond). The reduction factors are largely suite invariant. Plot (d) shows the 
three control laws averaged over all three suites. 

 

4.2 Displacement results: 

In a single degree freedom structure with a low internal viscous damping, structural force is 
proportional to displacement by the structural stiffness, K. Hence, the structural force reduction 
factors, shown in Figure 4 are the same as the displacement reductions factors. Displacement 
reductions are thus also largely suite invariant for all control laws studied. Similarly, the same 
hierarchy of results is equally valid, with the 1-4 device performing best. 

 

4.3 Equivalent viscous damping: 

The spectral analysis was then repeated for an uncontrolled, base structure with 10, 15, 20, 30, 40 and 
50% of critical damping, where the original uncontrolled case had only 5% viscous damping. The 
average maximum displacement is normalized to the uncontrolled state with 5% damping to provide 
reduction factors for each case. Figure 6 shows the results and is comparable to Figures 4d and 5d.   

Comparing the lines for different devices and increased viscous damping, it is apparent that the 
diamond control law has an equivalent viscous damping of 15% at a period of 1s, which increases 
slowly to 20% at a natural period of 5s. The 1-4 device is twice as effective with an inherent viscous 
damping equivalent to 30-40%. Finally, the 2-4 control law provides 10-15% viscous damping for 
periods over 0.75-1.0 seconds. All these results match the hierarchy of reduction factors seen in 
Figures 4-5, and have the same root causes.  

Although this investigation focuses on single degree of freedom (SDOF) systems used in spectral 
analysis design guidelines, the use of semi-active resetable dampers can be easily extended for use in 
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multiple degree of freedom (MDOF) structures with configurations using single and multiple devices 
for suites of probabilistically scaled ground motions. Specifically, research has shown that placing 
resetable devices in different configurations throughout the SAC3 steel structure, for example, with 
total authority of approximately 2000kN, representing 13.8% of building weight, can provide 
geometric mean reductions in peak drift ranging from approximately 3-20%, and geometric mean 
reductions in permanent drift as large as 83.5% across these same suites of earthquakes (Barroso et al., 
2003). In addition, 1/5th scale and larger systems have been analysed experimentally validating the 
potential of these devices and systems (Mulligan et al., 2009, Yang et al., 2007), and for similar 
devices (Spencer et al., 2000), all of which support their fundamental potential. In this case, the 
spectral analysis presented allows the direct assessment of the (relative) potential of these new device 
designs. Finally, spectral analyses can be directly related to design guidelines justifying this analysis 
approach versus design applications to specific structures 

 
Figure 6: Reduction factors for equivalent viscous damping for the 1-4, 5-4 and diamond shaped resetable 
device response spectra. 

5 CONCLUSIONS 

This research demonstrates the potential of controlling the stored energy release in a semi-active 
resetable device to produce new more effective device control laws. The overall result showing 
increased efficiency is potentially generalisable to other similar, semi-active devices. More 
specifically, a diamond shaped resetable device control law is presented to prove this concept. A 
spectral analysis clearly showed its ability to achieve substantial structural response reductions for a 
wide range of earthquake excitations. A well sized semi-active damper with a diamond control law can 
decrease structural forces 30-40%, which is equivalent to provide equivalent 14-20% of viscous 
damping. However, and most importantly, the diamond device can simultaneously decrease the total 
base shear force by up to 40% due to its novel control law, which is also a significant expansion of 
capability from prior similar device control laws that did not utilise active control of energy release.  
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Previous studies have concluded that the 1-4 control was the best if foundation capacity was large 
enough to support the increase in the base shear force, and the 2-4 device was preferred where 
foundation strength was too low. The diamond shaped hysteresis loop provided by actively controlling 
the energy release is thus a unique way to break this compromise. More specifically, it greatly expands 
the design space and capability of resetable devices by offering both greater displacement and 
response reduction, without increasing base shear 
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