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Novel hybrid damping devices and design techniques for 

damage-avoidance seismic response of low and medium-

rise structures 

G.W. Rodgers, F.G. Golzar, J.G. Chase, R. Kordani, G.A. MacRae, N.K. Hazaveh. 

Preface 

Research investigating low-damage seismic design principles in low- to medium-rise structures 
is undertaken, with a focus on rocking structure demand prediction and energy dissipation 
devices. Experimental and analytical studies are undertaken on individual and hybrid 
combinations of energy dissipation components. System-level numerical modelling and 
experimental testing of low-damage seismic design structures is undertaken to assess the 
influence of different damping device designs. 
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Introduction: 

The necessity to create more resilient built infrastructure has been clearly identified in the wake 
of the Canterbury earthquakes. A substantial majority of Christchurch inner-city apartment 
buildings have been demolished due to damage suffered in these earthquakes. This type of high 
density urban housing is especially important as housing costs continue to rise and housing 
affordability becomes an even bigger problem for most New Zealanders. Land costs have been 
identified as the key contributor to the sharp increase in housing costs in the last decade 
(Affordability Feature, BRANZ Build 140). Therefore, developing more robust design methods 
for medium to high-rise structures that do not induce a significant price premium on initial build 
costs will help provide affordable, high density housing options. This outcome will also help 
alleviate the increased demand on transport corridors, as higher density housing options enable 
people to live closer to their employment and social activity locations. 

 

Increasing population, rapidly increasing house prices and growing transport problems is leading 
increased demand for high density urban housing in NZ. While most of Canterbury’s housing 
stock responded well to ground shaking in the Canterbury earthquakes (excepting those that 
suffered from land damage/liquefaction), low to medium rise apartments buildings are subject 
to much higher demands and consequently suffered much more damage in Christchurch. This 
type of structure will be one key to the further economically sustainable and cost-effective 
development of major NZ cities over the next 20 years as people seek efficient work/life/housing 
solutions in a more urbanised NZ. 

 

Building structures with rocking connections/frames are becoming popular as a means of 
achieving low-damage construction in New Zealand. This approach is particularly true for low-
rise (2-5 story) structures, which comprise a range of medium density apartment buildings. New 
Zealand has led the development of these systems, with the first of these being the Te Puni 
apartments building in Wellington in 2007 (Gledhill et al, 2008). Since then a number of rocking 
structures have been constructed from concrete, steel and timber systems in Wellington, Nelson 
and Christchurch. 

  

However, a potential issue was identified with the design of these rocking/jointed building 
systems. More specifically, there has been a research challenge to develop robust design 
guidelines for the required strength of rocking frame buildings, to quantify the bending 
moment and shear force demand. One key aspect has been the different demand imposed 
upon rocking frame structures as the height/number of floors in the building increases and 
aspect ratio of the wall become more off-square.  

 

These shortcomings have been identified in the low damage structure report to the Royal 
Commission on the Canterbury Earthquakes (Buchanan et al, 2011). Further discussions on a 
number of these issues and similar low-damage structural systems have been described by 
MacRae and Clifton (2013).  
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Overall, several issues with the rocking frame systems have been identified that need to be 
addressed to potentially facilitate wider uptake of these low-damage structural systems for a 
wide range of applications. In particular: 

 

• Building response prediction, especially determining the moment and shear demands 
imposed upon the rocking frames from higher mode effects. 

• Developing sufficient post-tensioning displacement response capacity  

• Ensuring the rest of the structure (including floor and frame components) is not damaged 
nor restricts frame deformations. 

• Attachment of non-structural elements and the prevention of non-structural damage  

• The implications of impact loads induced during rocking on horizontal and vertical floor 
accelerations and the resulting effects of building contents 

 

The building response prediction will consider the effect of different types of dissipaters on 
frame response. Prior research has been undertaken in this area to assess the demands on 
rocking frame structures. However, several key questions remain due to the simplified models 
used in these areas of research. Specifically, some prior research has used a simplified, lumped 
mass model, with a rotational spring at the base to approximate rocking. Conversely, the recent 
research of Steele and Wiebe (2014) have proposed simplified methods to approximate the 
demands that are imposed from higher mode effects on wall systems with high aspect ratios. 

 

There is a need to further assess these areas of research and indicate whether the simplified 
design methods are appropriate, capture the important dynamics, and most importantly, 
whether they are conservative and safe. These methods need to be assessed in a probabilistic 
sense, considering not just average response metrics, but also assessing the likelihood of 
extreme responses, to ensure structural performance at all potential levels of demand. 

 

Furthermore, the absence of large structural damage/plastic hinge formation removes a key 
method of earthquake response energy dissipation. Therefore, a range of potential low-damage 
and damage-free energy dissipation devices are considered, which can be used in combination 
with the rocking frame design method, to achieve an overall design solution that manages both 
peak response parameters such as displacement, while also resulting in a structure that is not 
heavily damaged as a result of the earthquake. 

 

This report covers several areas of key research, presented in individual sections. Initially, the 
results of research into rocking frame force demand prediction is presented. Subsequently, 
hybrid damping devices are developed and experimentally tested, and their response 
characteristics captured in numerical models. Finally, the influence of damping devices on the 
system-level structural performance is then assessed through computational modelling and 
shake-table testing. 
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Rocking Frame Force Demand Prediction 

Executive Summary 

Understanding the force and moment demands imposed upon rocking walls/frames, including 
the influence of higher mode effects is investigated. Four design approximation methods are 
compared to estimate the force demand of a set of structural rocking walls of 4, 8, 12, 16, and 
20 storey. Non-linear time history analysis (NTHA) using a finite element rocking wall model is 
performed using a suite of 20 earthquake records to examine these four approximation 
methods: 1) Steel Construction New Zealand (SCNZ): A modified modal analysis applied to the 
initial linear system. 2) Weighted Capacity Design (WCD): Simplified equations are derived to 
estimate higher mode forces of an equivalent pin-based structure. 3) Substitute structure (SS): 
Reduced first mode forces are combined with higher mode forces of an equivalent structure 
with the secant stiffness for non-linear elements. 4) The Wiebe method: Higher modes are 
derived from an equivalent shear beam structure and are combined with the reduced first mode. 
Also the influence of the strength reduction on the robustness of the approximation methods 
are studied using the 8 storey wall with moment reduction factors of R = 2, 5, 10, and 20. 

 

It was found that the SCNZ method does not always provide a good estimation for moment 
envelope and can overestimate the shear envelope for the 20 storey wall. The WCD method 
slightly underestimates the median moment and shear demand but provides a robust and 
consistent approximation. However, this method is not included in current commercial software 
packages. The Wiebe method provides an almost perfect approximation of the median shear 
demand for all the cases, and robustly approximates the moment demand for 4 and 8 storey 
rocking walls, but is conservative by up to 50% for taller structures compared to the median 
result of the NTHA. Considering the scatter of the results, the Wiebe method is the most reliable 
approach. For alternative moment reduction factors, the Wiebe method and SS are still able to 
robustly approximate the force demand. Reduction in energy dissipation increased the shear 
and moment demand of the 8 storey wall by 20% and 30% respectively. A sensitivity analysis 
using multiple ground motion suites indicates that the results are largely independent of ground 
motion suite used and the viscous damping models. 

Introduction 

The concept of structural rocking systems was introduced to limit the overturning base moment 
of structures and to provide supplemental damping and self-centring. These systems comply 
with the broad principles of the PRESSS systems (Priestley, 2000) and the damage avoidance 
design (DAD) philosophy (Rodgers et al., 2015) and can produce controlled, repeatable energy 
dissipation without sacrificing structural components, given the right supplementary damping. 

 

The use of a controlled rocking system enables the control of the first mode response. However, 
the presence of higher modes in the response can greatly influence structural response of 
rocking systems (Wiebe et al., 2013b,a; Chancellor et al., 2014; Priestley et al., 2000; Acikgoz 
and DeJong, 2016) and their effects must to be considered in estimation of force and moment 
demands to ensure a damage-free and capacity-protected design. For structures with a non-
linearity at the base, estimation of higher mode effects using modal analysis of the initial elastic 
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system can lead to an underestimation of force demands, as shown by Sullivan et al. (2008). 
Pennucci et al. (2015) studied the effect of higher modes in tall reinforced concrete walls with 
a plastic hinge at the base and has proposed two methods to predict the inelastic higher mode 
response. These two methods are used for comparative purposes to predict the force demand 
of structural rocking walls. Estimation of force demands in ductile structures has been a focus 
of a study by Wiebe and Christopoulos (2015) where simplified equations are proposed to obtain 
non-linear higher mode forces. These simplified equations have been used in Steele and Wiebe 
(2016) to predict the force response of a set of steel rocking frames where they provided a good 
approximation of force and moment demands. 

Structural rocking walls are usually designed to remain elastic during the uplift and create a 
non-linear elastic response (Holden et al., 2003; Restrepo and Rahman, 2007). Therefore, a 
good approximation of higher mode effects is essential for a damage-free design of these 
systems where the structure must remain functional after a design level earthquake. This project 
aims to address the need by seeking answers to the following questions: 

 

 

1. Which of the currently available design methods provides the best assessment of the force 
demand in rocking wall structures of various height? 

2. How does the strength reduction factor at the base, R = Mfixed-base/Mrocking, influence the 
robustness of predictions from the design methods? 

3. How does the choice of damping model or ground motion suite influence the response? 

4. How does the percentage force contribution from post-tensioning and energy dissipation to 
the overall base moment at the onset of rocking affect the peak shear force and bending 
moment demand within the wall? 

 

Answering these questions will provide an insight to key design aspects and dynamic behaviour 
of rocking walls. Four methods are selected to estimate the force demand of a set of structural 
post-tensioned rocking walls with energy dissipation devices. These methods are simple and 
easily applicable to walls, frame, frame-wall systems. Specifically, the methods are defined: 

 

1) Steel Construction New Zealand (SCNZ) design guideline (Wiebe et al., 2015) suggests a 
modal combination rule where higher mode forces are added directly to the reduced first 
mode to determine the capacity design actions. 

2) The Wiebe approach (Wiebe and Christopoulos, 2015), where modal contributions are derived 
from an analogy to a cantilever shear beam with uniform elasticity and mass and variable 
base fixity. The first 3 mode contributions are analytically defined: 

 

𝑉1,𝑚𝑎𝑥 = 1.5(𝑀𝑏,𝑚𝑎𝑥/𝐻)[1 − (𝑧/𝐻)2]      (1a) 

𝑉2,𝑚𝑎𝑥 = 0.1265[𝑆𝑎(𝑇1/3)](𝑊𝑡𝑟𝑖𝑏/𝑔)|cos 4.49(𝑧/𝐻) + 0.217|     (1b) 

𝑉3,𝑚𝑎𝑥 = 0.0297[𝑆𝑎(𝑇1/5)](𝑊𝑡𝑟𝑖𝑏/𝑔)|cos 7.73(𝑧/𝐻) − 0.1283|     (1c) 

 

𝑀1,𝑚𝑎𝑥 = 𝑀𝑏,𝑚𝑎𝑥[1 − 1.5(𝑧/𝐻) + 0.5(𝑧/𝐻)2]      (2a) 

𝑀2,𝑚𝑎𝑥 = 0.0282[𝑆𝑎(𝑇1/3)](𝑊𝑡𝑟𝑖𝑏/𝑔)𝐻|sin4.49(𝑧/𝐻) + 0.976(𝑧/𝐻)|    (2b) 

𝑀3,𝑚𝑎𝑥 = 0.00384[𝑆𝑎(𝑇1/5)](𝑊𝑡𝑟𝑖𝑏/𝑔)𝐻|sin 7.73(𝑧/𝐻) − 0.991(𝑧/𝐻)|    (2c) 
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Which can be combined to yield: 

 

𝑉𝑚𝑎𝑥(𝑧) = 𝑉1,𝑚𝑎𝑥(𝑧) + √(𝑉2,𝑚𝑎𝑥(𝑧))
2
+ (𝑉3,𝑚𝑎𝑥(𝑧))

2
      (3a) 

𝑀𝑚𝑎𝑥(𝑧) = 𝑀1,𝑚𝑎𝑥(𝑧) + √(𝑀2,𝑚𝑎𝑥(𝑧))
2
+ (𝑀3,𝑚𝑎𝑥(𝑧))

2
      (3b) 

 

Where Mb,max is the over-strength base overturning moment, z is height above base, and H is 

total height, Wtrib = g = the total tributary mass, and Sa(T) = spectral acceleration at period T 

in which the elastic first-mode period is T1 and the second mode and third mode periods for the 

pinned-base shear beam are assumed to be T1/3 and T1/5, respectively. Mi,max and Vi,max are 

the moment and shear force of the ith mode respectively. 
 

3) A substitute structure (SS) approach based on Pennucci et al. (2015) where a reduced 
response spectra is used to obtain the  rst mode forces and for higher modes a substitute 
structure with secant stiffness for non-linear members is utilised. In this method, which is in 
line with Priestley et al. (2007), damping is assumed to be equal to elastic damping for higher 
modes. 

4) Weighted capacity design (WCD), as presented in Pennucci et al. (2015), where shear and 
moment envelopes for higher modes are computed using closed-form equations based on 
structural dynamics theory: 

 

𝑉𝑛(𝑥) = 𝑚𝑡𝑜𝑡[𝜌𝑐𝑛,𝑓(𝑥)𝑆𝑎𝑛,𝑓 + (1 − 𝜌)𝑐𝑛,𝑝(𝑥)𝑆𝑎𝑛,𝑝]      (4a) 

 

𝑀𝑛(𝑥) = 𝑚𝑡𝑜𝑡[𝜌𝑑𝑛,𝑓(𝑥)𝑆𝑎𝑛,𝑓 + (1 − 𝜌)𝑑𝑛,𝑝(𝑥)𝑆𝑎𝑛,𝑝]     (4b) 

 

where  is the weighting factor for fixity of the system (0 for pinned-base and 1 for fixed-base). 

Dynamics Force distribution parameters, c and d are presented in Table 1 and Sa is the elastic 

spectral acceleration. Subscripts p and f denote pinned-base and fixed-base systems, 
respectively. 

 

Capacity design force envelope shapes proposed by Pennucci et al. (2015) are shown in 
Figure 1. Base shear decreases linearly up to the mid-height and remains constant up to the 
roof level. Base moment increases linearly up to the mid-height and then decreases linearly to 
0.8H where M0.8H = 0.8Mmid and linearly reduces to zero at the roof level. Therefore, mid-height 
and base design forces define the overall capacity envelope shapes. 
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Table 1: Weighted Capacity Design (WCD) parameters 

 

 

 

Figure 1: Moment and Shear Capacity Envelopes 

 

To obtain the shear capacity design envelope, the first mode design base shear, Vd is calculated 

from design procedures (Pennucci et al., 2009) and combined with higher mode shear forces 

defined: 

𝑉𝑏𝑎𝑠𝑒 = √𝑉𝑑
2 + ∑ 𝑉𝑖

2𝑛
𝑖=2       (5a) 

𝑉(𝑥) = √(0.85𝑉𝑑)
2 + ∑ 𝑉𝑖

2𝑛
𝑖=2      (5b) 

 

where Vbase and V(x) are the capacity design shear at the base and at any given height of the 

structure respectively. Vi are higher mode shear forces and contribution of first mode design 

base shear to mid-height shear assumed to be 0.85Vd. 
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Methodology 

Structural Modelling 

Finite element models are developed using MATLAB (MathWorks Inc, 2014) to represent 

structural rocking walls. The FE mesh for a typical 4 storey wall is shown in Figure 2 where the 

seismic mass of each floor is lumped at the corresponding node. Linear frame elements are 

utilised to represent the wall at each floor. The rigid footing is located on non-linear spring 

elements where, depending on the wall model, they can exhibit compression only, elasto-plastic 

and/or bi-linear behaviour to account for post-tensioning tendons and energy dissipaters. While 

simplified models do not capture all reaction mechanisms, they create a non-linear elastic 

response to model important characteristics and accurately obtain the global response of rocking 

systems. 

 

 

Figure 2: Four storey rocking wall with post-tensioning and elasto-plastic damper, showing the elements 
with the associated hysteresis plots and degrees of freedom  

 

Frame Elements 

Dissipater Hysteresis 

Nonlinear Footing Springs 
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In this analytical and numerical study, inelastic deformation within the wall itself and changes 

in characteristics during dynamic loadings are not included. For example, toe crushing at the 

base and crack opening across a structural wall, can reduce the overall stiffness and influence 

the seismic response (Preti and Meda, 2015). A more sophisticated FEM is needed to study the 

influence of strength degradation on the force response of rocking walls. However, if the 

rocking wall is well detailed, such as through the use localised armouring in the regions of 

high contact forces near the rocking edges, inelastic action will be concentrated at the rocking 

base and this model will be reasonably accurate.  

It is also important to investigate the force response of rocking walls under severe earthquake 

records as all the seismic design codes require some margin against collapse in seismic events 

with a return period greater than the design level. To ensure a robust capacity design, walls 

ductility demand must be characterised in case of severe events where there is a possibility of 

formation of plastic hinges across the rocking system height due to higher mode effects. It is 

assumed that the energy dissipation system behaves plastically during the post-uplift response 

regime and that the post-uplift stiffness is dependent upon the tendons only. 

Design of Rocking Post-tensioned Walls 

A set of structural post-tensioned walls are adopted from Pennucci et al. (2009). Rocking walls 

provide only lateral force resistance and gravity loads are supported by gravity columns. Each 

rocking wall supports a seismic mass of 250 tonne per floor. It is also assumed that there is no 

mass or stiffness eccentricity and torsional eccentricity is neglected so the uncoupled lateral 

resisting systems can be modelled as a 2D system. 

Design of Energy Dissipation Devices and Post-Tensioning Tendons 

Yielding, mild steel dissipaters and post-tensioning tendons together provide the minimum base 

moment for the rocking wall. The contribution to the base moment from the structural weight 

is neglected. Therefore, the total base moment at the onset of rocking is defined: 

𝑀𝑏𝑎𝑠𝑒 = 𝑀𝑒𝑑 +𝑀𝑝𝑡       (6) 

where Med and Mpt are contributions to the rocking base moment from any added energy 
dissipation device and the post-tensioning tendons, respectively. In this study, a baseline value 
of Med = 0.45Mrocking will be used as a broadly acceptable value that provide a good tradeoff 
between static self-centering of the structure and a reasonable amount of energy dissipation. 

 

A schematic diagram of the hybrid footing section of a wall is presented in Figure 3, where lw is 

the wall width and Cc, Ted, and Tpt are the forces induced by compression loads, supplemental 

energy dissipators, and post-tension cables respectively. Yield stress and the modulus of 

elasticity of the tendons and energy dissipaters are presented in Table 2. A variety of section 

parameters are used in this study to investigate the behaviour of rocking walls at different 

stiffness and frequencies. Each wall is designed for a specific strength reduction, R, at the base 

where: 

𝑀𝑟𝑜𝑐𝑘 = 𝑀𝑓𝑖𝑥𝑒𝑑−𝑏𝑎𝑠𝑒/𝑅      (7) 
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Mrock is the minimum base moment in which the energy dissipaters yield and the structure uplifts 

and begins to rock. Mfixedbase is the base moment under the design force level, assuming a 

fixed-based footing. Due to the post-uplift stiffness of rocking joints, actual base moments under 

seismic loadings are greater than Mrock. Section parameters for all walls in the computational 

study in this research are presented in Tables 3-5. 

 

 

Table 2: Material Properties for the post-tensioning tendons and yield steel fuses/dissipaters 

 Post-Tensioned Tendons Yielding Steel Dissipaters 

Yield Stress, fy (MPa) 1560 300 

Elastic Modulus , E (GPa) 195 200 

 

 

 

Figure 3: Schematic diagram to indicate the assumed line of action of the hybrid footing at the rocking 
wall base 

In all tables, lw and sw are the length and width of the walls, respectively, mild is the density of 

mild steel dissipaters, and pt is the density of post-tensioning tendons. Equally, fpt/fpt_y is the 

post-tensioning ratio compared to yield strength of the post-tensioning tendons, lub is the 

effective un-bonded dissipater length, and dAs/lw and dpt/lw are the fractional eccentricity which 

define the dissipater and tendon location, as shown schematically in Figure 3.  
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Table 3: Rocking wall parameters/section values for R = 5 and Med = 0.45Mrock 

 
Table 4: Section design values for the 8 storey wall with alternative strength reductions factors, 

using Med = 0.45Mrock  

 
Table 5: Section design values for the 8 storey wall with alternative dissipation ratios, using constant 

force reduction factor of R = 5 
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Ground Motion Suites 

All earthquake records of the medium suite design level of the SAC project (Somerville, 1997) 

are used to perform non-linear time history analysis (NTHA). It includes 10 different records 

with two orthogonal directions for each time history and represents ground motions with the 

probability of exceedance of 10% in 50 years. The ground motions are scaled to approximately 

conform to the 1997 NEHRP design spectrum for firm soil. Sensitivity of the analysis to different 

ground motion suites is also presented, where seismic response simulations of an 8 storey 

rocking wall are performed using FEMA far-field ATC (2009) records and acceleration histories 

form Vamvatsikos and Cornell (2001). FEMA and Vamvatsikos-Cornell records are scaled so that 

at the fundamental period of the 8 storey wall is (T = 0.91 s) their median spectrum matches 

the median of SAC suite as seen in Figure 4. 

 

Figure 4: Spectral Acceleration response of all ground motions considered within this study. 

 



 

 
Pg 19/72 

Wall Behaviour Results and Discussions 

Effect of Structural Height 

Design approximations for shear demand are compared with the numerical results of the NTHA 

using the SAC ground motion suite are presented in Figure 5. The Wiebe method provides an 

almost perfect match to the median results of NTHA. The SCNZ overestimated the shear demand 

for all the walls. This overestimation is more significant for taller structures and the modal 

combination method, which is used in SCNZ, has led to a conservative approximation. The SS 

method has slightly under-predicted the shear demand compared to the median, but has been 

consistent and reliable for all the rocking systems. Finally, WCD has underestimated the shear 

demand for all rocking structures. However, considering the simplicity of the procedure, it can 

be used to obtain preliminary results when dynamic analysis is likely to be performed. 

Design approximations for moment demand are compared with the numerical analysis in 

Figure 6. A good approximation is obtained by the Wiebe method for the 4 and 8 storey systems. 

However, it overestimated the demand for taller structures. Finally, the SCNZ method provides 

a good moment estimation for 4 and 8 storey walls, but for taller structures is inaccurate and 

the modal combination employed in SCNZ has given a peculiar shape to the moment envelope 

for these taller structures. Both the SS method and WCD slightly under-estimate the moment 

demand except for the 4 storey wall, where WCD is conservative compared to the median. It is 

also worth noting that they have provided a consistent and reliable approximation despite being 

slightly non-conservative. 

Results show that for rocking systems with 16 and 20 storey floors, median moment at mid-

height can be substantially more than the base moment. Since structural rocking systems are 

usually designed to remain elastic under the design level, they may not be economically feasible 

solutions for tall earthquake resistant buildings. The cost of rocking systems should be 

economical, compared to conventional (ductile) designs and other seismic resistant methods 

like base isolation systems when the effect of higher modes are significant. Wiebe et al. (2013b) 

has proposed using multiple rocking joints to limit the higher mode effects in rocking systems, 

but this concept is not investigated in this research. 
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Figure 5: Shear force comparison between NTHA results and predictions from different design methods 
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Figure 6: Moment comparison between NTHA results and predictions from different design methods 
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Effect of Design Strength Reduction Factor, R 

Rocking systems are generally designed to dissipate maximum seismic energy without sacrificing 

structural components and to maintain re-centring. In the design process for this type of system, 

the design strength reduction factor, R, indicates how the structure is performing relative to a 

traditional fixed-base system (R = 1) or a pin-based system (R = ). Usually practising 

engineers aim for choosing the highest strength reduction factor as long as the maximum drift 

and higher mode forces do not exceed the design limits and do not impose practical limitations. 

The rocking footing of the 8 storey wall is redesigned for different values of R to investigate the 

effect of design strength reduction on structural response. 

 

 

 

 
Figure 7: Influence of force reduction factor (R) on the shear envelope and comparison with design 

predictions, using Med = 0:45Mrocking 
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Design approximations are compared with NTHA in Figures 7-8 in terms of shear and moment 

demand respectively. Strength reduction has almost no effect on the robustness of the design 

approximations, and the trend of results is similar to the previous section. Structures with 

strength reduction factors of R = 10 and R = 20 are very unlikely to be constructed in practice, 

but are presented here only for comparison purposes, to investigate the limiting case. 

 

 

 

 
Figure 8: Influence of force reduction factor (R) on the shear envelope and comparison with design 

predictions, using Med = 0:45Mrocking 
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Effect of Ground Motion Suite Selection 

The results previously present used the SAC ground motion suite as the input to the NLTHA. To 

investigate the influence of the ground motion records used and ensure that the results are not 

specific to those ground motions, additional suites are now used for comparison. Twenty-two 

records with two orthogonal directions for each history referred to as "Far-Field" records, are 

selected and normalized and scaled according to ATC (2009). Unscaled ground motions can be 

found in Haselton (2016). In addition, a suite of 20 ground motion records from Vamvatsikos 

and Cornell (2001) are scaled and used to examine the sensitivity of the analysis to ground 

motion suites. This sensitivity analysis is undertaken to ensure that conclusions are not drawn 

from a particular ground motion suite, which could potentially have unique frequency content 

or characteristics. Comparisons of the results are presented in Figure 9 where minimal 

dependency to the selection of earthquake records is observed. The median moment demands 

are closely similar throughout the wall, but vary slightly at the base. The shear force profiles 

show more variation, but the median values from the different suites is within approximately 

15%. It can be concluded that the outcomes are generalisable and not specific to the ground 

motions selected for analysis. 

 

 
Figure 9: Force demands of the 8 storey wall with R = 5 and Med = 0:45Mrocking for alternative 

seismic record suites (SAC, FEMA, and Vamvatiskos and Cornell) 
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Effect of inherent damping model on the analysis  

The analysis presented in this paper used a modal viscous damping of 3% for the first mode 

and 5% for the higher modes. A modal damping matrix is computed using the initial stiffness 

of the rocking systems. Using reduced damping ratios for the first mode seems appropriate for 

structures with non-linearity at the base (rocking joint) as discussed in Smyrou et al. (2011). A 

second modal viscous damping model is developed to investigate the sensitivity of NTHA results 

to the inherent damping model utilised. In this model, the damping matrix is updated in each 

time-step based on the current stiffness matrix (tangent stiffness) and a damping ratio of 3% 

is assigned to all the modes. Median results are compared for two damping models in Figure 10 

where the structural response of an 8 storey rocking wall with strength reduction of R = 5 and 

dissipation ratio of Med = 0:45Mrocking is presented. 

 

 
Figure 10: Force demands of the 8 storey wall with alternative damping models. 

Using a tangent damping model is computationally more expensive and there is little 
experimental knowledge available about the accuracy of different damping models in the 
modelling of rocking walls. It can be seen in Figure 10 that assigning 3% of tangent damping 
to all the modes has increased the force envelop estimations but its effect is not significant. The 
difference is more pronounced for the shear envelope, but the differences in the moment 
envelope are minor. 
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Effect of energy dissipation ratio on the analysis  

NTHA is performed on an 8 storey rocking system with the strength reduction factor of R = 5, 
where the energy dissipation system and post-tensioned tendons contribute different amounts 
to the overall base moment. Due to the minimum post-uplift stiffness, (Mtot = Mrock) and the only 
design variable is the relative force contribution of energy dissipaters (Med) and tendons (Mpt) 
to the overall base moment, Mbase, which is kept constant across the different suites. Force 
demands within the structure with different rocking joint configurations is presented in Figure 
11, where there is a reduction in shear and moment demand through the application of energy 
dissipation. 

 
It can be seen in Figure 11 that a decrease in the contribution of energy dissipation to the 
overall moment increases force and moment demand in the wall. The system with no dissipation 
devices, experienced an increase of up to 20% in moment demand and 30% in shear demand 
compared to the case with Med = 0:45Mtot. As expected, the base moment remains that same 
for all cases as that was the design value that was kept constant across the different analyses. 
The maximum increase in force demands occurs for the case with no supplementary dissipation. 
The shear and moment demand obtained for this case can be used as upper bound values for 
design purposes. 

 

 

 
Figure 11: Force demands of the 8 storey wall with alternative dissipation ratios 
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Conclusions 

Moment and shear demands of structural rocking walls were investigated numerically through 
non-linear time-history analysis and the results for the shear force and bending moment 
compared to four different approximate design methods. 
 
Based on the results presented within this study, it was concluded that: 
 
1) The Wiebe and Substitute Structure methods provided the best approximation compared to 

the median results. 
2) The robustness of these methods were independent to the structural height and strength 

reduction factor at the base. Overall, it was found that a good approximation of force 
response in rocking walls requires the obtaining of higher modes moment and shear forces 
using characteristics of the system after the onset of rocking. Therefore, methods like the 
SCNZ, that predict the force demand only based on the initial fixed base system can 
provide inaccurate estimations. 

3) Parametric studies showed the choice of viscous damping models and ground motion suites 
did not significantly influence the response. 

4) Finally, it was found that the force demand is effected by the energy dissipation ratio at the 
rocking joint. Reduction in supplementary energy dissipation led to an increase in force 
response. The increase was up to 20% for the shear demand and up to 30% for the 
maximum moment demand of the 8 storey rocking wall. 
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Hybrid Damping Devices 

Executive Summary 

Rocking structures that are designed to undergo a controlled rocking motion can be designed 
to provide different response characteristics at different levels of seismic hazard. The presence 
of an initial hold-down force through a mechanism such as post-tensioned tendons enables 
these structures to undergo a response similar to a fixed-base structure at low levels of seismic 
demand, but to initial a rocking response at higher levels of ground shaking. The rocking 
response will typically have a reduced stiffness and consequently have a longer period of 
vibration, which will usually correspond to a lower level of seismic demand, based upon a typical 
code-based design spectrum. 
 
While these rocking structures have several key advantages, including the different response 
regimes at different levels of ground shaking, they also have the potential to deliver low-damage 
structural response. However, the absence of major damage to the primary structural elements 
(the absence of a plastic hinge) means that there is minimal hysteretic energy absorption. 
Consequently, rocking structures are at risk of increased displacement response due to an 
inherent lack of hysteretic energy dissipation from sacrificial structural damage. As such, they 
are particularly well suited to be augmented with supplemental damping devices to provide 
energy dissipation and limit the displacement response. 
 
The ability to add reliable and robust energy dissipation to a structure is key to the an overall 
high-performance structural system that provides a response that does not have excessive 
displacement or acceleration response, but that also results leaves the structure free from any 
major damage. 
 
Three key aspects of supplemental energy dissipation devices will be investigated within this 
study. These are viscous fluid dampers, lead extrusion dampers, and RingFeder ring springs. In 
addition, hybrid combinations of the RingFeder ring springs with both the viscous fluid dampers 
and the lead extrusion devices are investigated. 
 

Hybrid Damping Devices – Motivation 

Energy dissipation devices can be broadly grouped into those that exhibit a velocity-dependent 
and velocity-independent force response. Simple mechanisms that use a yielding steel fuse or 
friction are typically velocity-independent, whereas viscous fluid dampers will usually exhibit a 
linear or non-linear force-velocity response, depending upon the working fluid. Viscous dampers 
that use fluids that exhibit Newtonian characteristics (such as simple oils and hydraulic fluid) 
will typically exhibit a linear force-velocity response. Conversely, fluid dampers that use a non-
Newtonian fluid (such as high molecular weight silicone fluid) will typically exhibit a non-linear 
response behaviour. 
 
Many structural engineers will prefer to use viscous fluid dampers that exhibit a non-linear force-
velocity response profile, with a velocity exponent less than 1.0. Non-linear viscous fluid 
dampers have the notable advantage that the resistive force produced tends to saturate at high 
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velocity inputs. As a result, if the velocity imparted into a non-linear viscous fluid damper 
(velocity exponent < 1.0) is much higher than expected in design, the force produced may not 
be significantly higher than expected. However, with a linear viscous damper, a larger than 
expected velocity profile may induce much larger response forces and could potentially exceed 
the capacity of the damper connection elements. 
 
By combining a velocity-dependent and velocity-independent energy dissipation, hybrid 
damping devices can produce an overall response profile that is relatively insensitive to the type 
of ground motion to which a structure is subjected. If a large, but far-field, ground motion 
occurs with long-duration but lower response velocity of the structure, the velocity-independent 
component of the damping device can provide a majority of the damping response. Conversely, 
if a large pule from a near-field ground motion excites the structure and imposed a larger 
demand, the velocity-dependent damping component can provide additional damping. 
 
The viscous fluid dampers exhibit a velocity dependent response, with a velocity exponent in 
the range of 0.3-1.0, depending on the working fluid used. The lead extrusion devices exhibit a 
weakly velocity-dependent response, with the velocity exponent equal to approximately 0.1-
0.12. Finally, the third energy dissipation component of the ring springs is load-rate independent 
and has no velocity dependence. 
 

Hybrid, Self-Centering Viscous Damper Testing 

Executive Summary 

A prototype hybrid self-centring supplemental damper is designed and experimentally validated. 
The device combines a viscous damper with rate-dependent dissipation and a friction ring-spring 
with rate-independent dissipation and restoring force for re-centring. Experimental proof-of-
concept tests input a range of displacement amplitudes and frequencies, for two levels of ring-
spring pre-loads. Each component is also tested individually with the same displacement inputs 
to characterise and delineate their specific contributions. The prototype ring-spring has a 
maximum design force capacity of 26 kN while the viscous device shows a maximum 22 kN 
force at the highest input velocity of 330 mm/s. The individual and hybrid test results represent 
a combination of new options for energy dissipation in low-damage structures. 

Introduction 

Fluid viscous dampers are fully passive dissipation devices that have proven effective in 
mitigating seismic structural response (Constantinou and Symans, 1992; Soong and Spencer, 
2002). These devices can be used as supplemental retrofit devices in otherwise conventional 
structures. Their low complexity and quick response makes these viscous fluid devices a 
favourable supplemental dissipation option in earthquake-prone structures (Symans et al., 
2008).  
 
However, their lack of inherent re-centring capability can result in a permanent offset 
displacement. When coupled with the inelastic behaviour of the structure can lead to residual 
deformations (Barroso et al., 2003). To minimise this potential undesirable outcome, a dual 
hybrid supplemental damper consisting of viscous damper and ring-springs is designed to 
provide dissipation and re-centring restoring force. The hybrid device is experimentally validated 
in this research.  
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Ring-springs are friction based energy dissipation devices with self-centring restoring forces 
(Erasmus, 1988). A ring-spring essentially consists of a stack of inner and outer rings with 
tapered mating surfaces. When the stack is axially loaded, the inner rings undergo compression 
while the outer rings undergo tension. Thus, the rings slide along each other and reduce the 
overall length of the stack.  When the force is removed, the rings slide back to their unloaded 
position due to the radial force within them. The friction at the sliding surfaces creates 
dissipation and the radial forces give the ring-spring re-centring capability.  Possessing a dual 
dissipative and re-centring characteristic, ring-springs are a suitable addition to a viscous 
damper to create a re-centring dissipation device (Hill, 1995; Djojo et al., 2017).  
 
This research addresses the design and experimental validation of a hybrid re-centring 
dissipation device. The hybrid device consists of a fluid viscous damper for dissipation and a 
friction ring-spring for re-centring. Such combination offers new options of low-damage 
dissipation techniques for uptake in industry where devices with similar behaviour have been 
successfully used to provide reliable earthquake protection ground motions (Mageba, 2013). 

Device Design – Viscous Device 

The viscous device has a typical configuration consisting of a fluid filled steel housing and a 
shaft-piston coupling along its axis. The piston in fixed on the shaft and divides the fluid cavity 
into two parts. Shaft motion forces the damping fluid inside the housing to flow from one side 
to the other side of the piston through holes (orifices) located on the piston, imposing a level of 
resistance (damping) against shaft motion. The size and configuration of the orifices on the 
piston, as well as the piston area, determine the level of damping provided. 
 
The piston in Figure 12 has a diameter of 101.6mm (4 in) and thickness of 20mm with 6×3.5mm 
orifices at 45mm PCD. The shaft is 31.75mm (1.25 in) in diameter and maximum device stroke 
is ±50 mm. SAE 80W-90 Castrol Axle oil with viscosity of 140 cSt at 40 degrees is used as the 
damping fluid for the viscous device. Endcaps are sealed using 14 M8 hexagonal cap screws 
and rubber seal rings around the endcap and using O-rings around the shaft to prevent leakage. 

 
Figure 12: Computer model of the prototype viscous device 

 
 

 

 

 

Figure 1 CAD model of  (1-4) viscous damper (top) and friction ring-spring (bottom) 
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Device Design – Friction-based Ring Springs 

The ring-spring is shown in Figure 13. It consists of a ring stack mounted on an inner guide 

(shaft) and enclosed inside an outer guide (housing). Ringfeder (RINGFEDER, 2016) rings, with 

19 inner rings and 20 outer rings of type 1205 were selected to form the ring stack. Figure 13 

also shows the basic dimensions of the rings as well as the mating of outer and inner rings. The 

guides ensure axial deformation of ring column by preventing non-axial bulging/misalignment.  

 

 

 

 

 
Figure 13: Cross-sectional view of the rings (a, b) and prototype ring-spring device (c) 

In an unloaded condition, the stack is kept in place on the inner guide (shaft) using one washer 

at each end. As the shaft moves to one side due to an external displacement, it pushes one 

washer in the same direction while the other end washer is kept in place by a peripheral 

confinement on the housing, and thus compresses the ring stack. The washers can only move 

towards the rings to compress them and are otherwise blocked by threaded couplers screwed 

onto the shaft. This configuration ensures a double acting ring-spring; i.e. regardless of the 

direction of shaft motion, the ring stack will undergo the same deformation (compression) and 

thus the reaction force of the ring-spring will be symmetric with respect to its initial unloaded 

position (Figure 14). 

a) 
b) 

c) 



 

 
Pg 34/72 

 

Figure 14: Outer housing that induces compressive deformation of the ring-spring regardless of the 
direction of the input shaft motion 

To account for the change in the radial dimensions of the rings when the stack is axially loaded, 

the inner and outer guides are designed such that a measure of clearance is left between them 

and the rings. The radial clearance is 0.7mm between the rings and the outer guide (housing), 

and 2.0mm between the rings and inner guide (shaft). Thus, while the guides are tight enough 

to prevent misalignment, they provide sufficient clearance to accommodate the deformed ring 

dimensions.  

To add preload to the ring-spring, the stack needs to be pre-compressed before mounting onto 

the hybrid device. The preload is added by placing extra washers on the ring stack before 

screwing threaded couplers on the shaft to reduce their nominal length and provide pre-

compression. This process can be done to a specific preload using a load cell or one based on 

percentage of spring free length.  

Device Design – Hybrid Re-Centering Viscous Damper 

The hybrid device consists of a parallel combination of the ring-spring and the viscous device. 

The design of the individual devices was optimised to allow easy integration of the two 

components. The same clamps (top and bottom) were mounted on the individual devices, as 

well as the hybrid device during each test.  

To enable a parallel setup whereby each dissipative component undergoes the same 

displacement, the housing cylinder of the ring-spring was internally threaded to be screwed on 

the endcap of the viscous device (Figure 15). The shafts of the two components were connected 

using the threaded couplers (not shown in the figure). Thus, as the shaft moves within the 

hybrid device, the ring-spring displacement will be equal to the piston displacement inside the 

viscous device.  
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Figure 15: Hybrid device setup and configuration in an MTS-810 hydraulic test machine 

 

 

 

 

 

 

 

 

 

 

 



 

 
Pg 36/72 

Lead Extrusion and Ring Spring Hybrid Device 

In addition to the hybrid device that combines the viscous fluid damper with friction ring springs, 

a hybrid combination of a lead extrusion damper and ring springs was also designed and 

experimentally tested. This hybrid damping device combined the weakly velocity dependent lead 

extrusion damper with a re-centering ring spring, to enable a combined device where the initial 

and post-yield stiffness, as well as the nominal yield force can be independently varied. This 

ability to individually modify the yield point and post-yield stiffness can be used to define peak 

displacements in pushover analyses and to control the over-strength of a damper, which defines 

the design of the connecting elements. 

The lead extrusion devices have been tested previously (Robinson and Greenbank, 1975, 1976) 

and exhibit a weakly velocity dependent elasto-plastic response behaviour. Depending on the 

relative force capacity of the lead extrusion and ring spring components, it is possibly to make 

minor changes to the post-yield stiffness (where most of the force comes from the lead extrusion 

device), or produce a completely self-centering hybrid device (where most of the force comes 

from the ring spring components). The best combination depends on the design requirements 

that are determined from the structural application. 

Lead Extrusion-Ring Spring Hybrid Device Design 

An initial lead extrusion damper was designed to fit within an existing test rig. The lead extrusion 

damper was fitted within a brace that provided buckling restraint for compressive loading. An 

internal cavity was provided that allowed for the inclusion of friction ring springs to modify the 

post-yield stiffness. A cross-sectional view of the damper, with and without the inclusion of the 

ring springs, is presented in Figure 16. Similar to the viscous hybrid device, the ring spring 

components can only sustain compressive loading (or shortening of the stack from the original 

length). As such, the housing provided enables double-action. This configuration ensures that, 

regardless of the shaft motion, or whether the overall hybrid damper is undergoing compressive 

or tensile loading, the ring spring stack is always in compression. 

Similarly to the viscous damper-ring spring hybrid damper, the overall configuration may initially 

look as though it is in a series configuration, but the design actually represents a parallel 

configuration. Both components undergo the same displacement (though there will be some 

disparity in displacement due to elastic axial flexure of the shaft) and the force contributions 

from each component add up to provide the resistive force produced by the hybrid device. 

The lead extrusion component was designed for a design force of 450kN and the ring spring 

components had a design force at full compression of 65kN. This particular combination of 

parameters was intended to allow for the modification of the post-yield stiffness, rather than to 

create a fully self-centering hybrid damper. 
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a) The lead extrusion device incorporated within a brace 

 
b) The lead extrusion-ring spring hybrid device incorporated within a brace 

Figure 16: Cross-section view of the lead-extrusion and ring-spring hybrid damper, with and without the 
inclusion of the spring components. 
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Experimental Setup and Methods 

Experimental Set-up – Lead Extrusion Hybrid Damper 

The combined lead-extrusion and ring spring hybrid damper was mounted into a cyclic test 

configuration that represented the likely pin-end conditions that would be used for placement 

within a structure. This experimental set-up is shown in Figure 17. The test rig was capable of 

fully reversed cyclic loading at force up to 700kN, but did not have dynamic capability. 

Consequently, all testing undertaken to date on this hybrid device has been at quasi static load 

rates, with maximum velocity approximately 1 mm/s. While dynamic testing is desirable, this is 

the focus of ongoing research. 

  

Figure 17: Experimental set-up for the lead-extrusion and ring-spring hybrid damper specimens 
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Experimental Set-up – Self-Centering Viscous Damper 

Experimental testing on the prototype hybrid device was carried out on an MTS-810 machine. 

The machine has lower and upper jaws with hydraulic wedge grips to hold the test device. The 

machine can initially be adjusted for the length of the device. The top jaw grips the top device 

clamp and remains fixed during the test, and the lower jaw transfers input displacement to the 

bottom device clamp creating the relative displacement between the two ends of the device as 

shown previously in Figure 15. Force and displacement sensors are located under the lower jaw 

to record the ram input displacement and reaction force.   

This MTS-810 test machine has a force capacity of 100 kN and saturation input velocity of 

~330 mm/s. The data acquisition system recorded force and displacement of the lower ram/jaw 

at a frequency of 1000 Hz.  

Input Displacement Profiles - Self-Centering Viscous Damper 

A series of input displacements and frequencies were used to get comprehensive force 

displacement graphs, and to determine damping coefficients for the viscous device. 

Table 6 lists the input values used in the experiments where there are 6 sets of 4-5 tests with 

approximately equal peak velocity. This format ensures that there are enough data points to 

calculate damping characteristics. Each test consisted of 3 complete cycles and after every 5 

tests, the device was rested to allow the oil to cool, so built-up heat did not impact the fluid 

viscosity damping characteristics.  

Table 6: Input parameters for the viscous device tests 

Stroke (mm) Frequency (Hz) 
Peak  

velocity (mm/s) 
Stroke (mm) Frequency (Hz) 

Peak  
velocity (mm/s) 

S = 10 f = 0.80 V = 50.24 S = 10 f = 3.20 V = 200.96 

S = 20 f = 0.40 V = 50.24 S = 20 f = 1.60 V = 200.96 

S = 30 f = 0.27 V = 50.87 S = 30 f = 0.07 V = 201.59 

S = 40 f = 0.20 V = 50.24 S = 40 f = 0.80 V = 200.96 

S = 50 f = 0.16 V = 50.24 S = 50 f = 0.64 V = 200.96 

S = 10 f = 1.60 V = 100.48 S = 10 f = 4.00 V = 251.20 

S = 20 f = 0.80 V = 100.48 S = 20 f = 2.00 V = 251.20 

S = 30 f = 0.54 V = 101.74 S = 30 f = 1.33 V = 250.57 

S = 40 f = 0.40 V = 100.48 S = 40 f = 1.00 V = 251.20 

S = 50 f = 0.32 V = 100.48 S = 50 f = 0.80 V = 251.20 

S = 10 f = 2.40 V = 150.72 S = 10 f = 4.80 V = 301.44 

S = 20 f = 1.20 V = 150.72 S = 20 f = 2.40 V = 301.44 

S = 30 f = 0.80 V = 150.72 S = 30 f = 1.60 V = 301.44 

S = 40 f = 0.60 V = 150.72 S = 40 f = 1.20 V = 301.44 

S = 50 f = 0.48 V = 150.72 *** *** *** 
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The ring stack consisted of 20 outer rings and 19 inner rings giving it an allowable total stroke 

of 38 mm. A 5-50% level of preload is the recommended preload for these devices to ensure 

proper interaction of the mating surfaces (RINGFEDER, 2016). Two pre-compression levels were 

applied to the ring-spring using the combination of washers in Table 7.  

Table 7: preload and stroke values for the prototype ring-spring 

Pre-displacement (mm) Preload (%) Available stroke (mm) 

0 0 38 

2.6 ~7 35.4 

8 ~21 30 

13 ~34 25 

Test results are presented as force-displacement graphs. The linear relation between force and 

velocity for the viscous device, and velocity saturation of the MTS machine, is shown using peak 

force-velocity graphs. Results can be compared to design values and expected behaviour.  

Results and Discussion 

The following sections include the test results of the individual viscous damper, ring-spring 

damper, and the hybrid device respectively. 

Individual Component Tests - Viscous Fluid Damper 

Figure 18 (left) shows a one-to-one comparison of the commanded input velocities and actual 

output (MTS jaw) velocities. While there is an accurate correlation for lower velocities, the MTS 

machine is not capable of faithfully carrying out input command velocities for desired velocities 

higher than ~330 mm/s. This value defines its saturation velocity.  

 

 
Figure 18: Saturation of output velocity in the MTS machine (left) and linear regression of force-velocity 

correlation for the viscous device (right) 
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Figure 18 (right) shows the damping force of the viscous device for velocities of V = [50 100 

150 200 250 300] mm/s. There is a strong linear relation between device force and relative 

input velocity as expected. Linear regression gives the equivalent linear viscous damping 

coefficient for the viscous device with the current configuration of the open orifices as 51.3 

kN.s/mm.  

Figure 19 shows the force-displacement graphs for 2 of the input stroke levels (s = 25, 30 mm) 

and input frequency range of f = [0.25 – 1.75] Hz. The stroke levels are chosen similar to those 

of the ring-spring damper to enable easy comparison between the two devices. The maximum 

force level increases as the input velocity is increased due to the linear force-velocity 

relationship. For relatively small frequencies, the viscous forces should approach zero. However, 

the forces associated with the friction between piston and housing and between the shaft and 

seals exert a small but finite force on the shaft as seen in the graph for f = 0.25 Hz. Overall, 

the force-displacement graphs of the viscous device show an elliptic form, which agrees with 

expectations and previous findings of such dissipative devices (Hazaveh et al., 2016).  

  

Figure 19: Force displacement graphs for the viscous device with different input frequencies, stroke = 
25 mm (left), and stroke = 30 mm (right) 

 

Individual Component Tests on the Ring Springs 

Figure 20 shows the force-displacement graph for ring-spring with pre-load levels in Table 7. As 

the preload is increased, the maximum allowable stroke of the device is lowered by the same 

amount. The ring-spring with 21% preload needs a compressive force of ~2kN before 

undergoing significant deformation. For 34% preload, this force is ~8kN. Several tests with 

different frequencies but equal strokes produced identical results validating the velocity-

independent behaviour of the ring-spring as shown in Figure 21. As expected, the peak device 

forces occurred at peak displacement.  

In addition, the return ratio of ring-spring defined as the ratio of unloading stiffness to loading 

stiffness, was seen to be 34% for this type of rings and grease where the loading stiffness is 

0.6 kN/mm and the unloading stiffness is 0.2 kN/mm.  
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Figure 20: Force displacement graphs for the ring-spring damper, preload = 34%, stroke = 25 mm 

(left), and preload = 21%, stroke = 30 mm (right) 

The ring-spring is also tested for the overloaded case. Figure 21 shows the force-displacement 

response of the ring-spring slightly beyond its nominal design capacity. In this case, the stack 

will display highly rigid behaviour, protecting the rings against excessive 

peripheral/circumferential stresses  

 
Figure 21: Force displacement for overloaded ring-spring (left) and velocity independence of ring-spring 

response (right) 

Hybrid Device Results - Self-Centering Viscous Damper 

Figure 22 shows force-displacement graphs of the hybrid device under cyclic testing. The 

combination of two device behaviours creates a unique hysteretic loop. For lower frequencies, 

the graphs looks similar to that of the ring-spring alone as the force contribution of the viscous 

device is minimised at low velocities. However, the friction force from the viscous device is still 

present. As the input velocity (frequency) increases, the viscous action impacts the shape and 

the overall resistive force. For higher frequencies, the point of peak force moves from maximum 

displacement (zero velocity) towards zero displacement (maximum velocity). Moreover, the 

value of peak force is greater than the individual peak forces coming from the individual 

components devices for the same set of input displacements.   
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Figure 22: Force displacement graphs for the hybrid device, RS preload = 34%, stroke = 25 mm (left), 

and RS preload = 21%, stroke = 30 mm (right) 

The hysteretic force displacement graphs of the hybrid device (Figure 22) show the combination 

of the two individual dissipaters (Figures 19 and 20). The combination of velocity independent 

behaviour (ring-spring) and velocity dependent (viscous damper) offers a measure of robustness 

in structural response to ground motions of different types (near-fault and far-fault) and their 

velocity content.  

Hybrid Device Results – Lead Extrusion Ring Spring Damper 

The lead extrusion device alone and the combined lead-extrusion and ring-spring damper was 

subjected to a two fully reversed cycles at 40mm input displacement amplitude and 0.5 mm/s 

load rate. The results for the two configurations are presented in Figure 23. The lead extrusion 

device alone exhibited an essentially elastic perfectly-plastic response behaviour with almost no 

post-yield stiffness. Conversely, the combined hybrid device, with the inclusion of the ring 

springs exhibits a non-zero post-yield stiffness, as intended by design. By tailoring the spring 

design force and design stroke capacity, the post-yield stiffness can be modified independently 

of the overall level of resistive force. 

  Figure 23: Cyclic test results for the lead extrusion device alone (left) and the hybrid lead-extrusion and 
ring-spring damper (right). The presence of the ring spring components has modified the post-yield 

stiffness of the hybrid device. 
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Conclusions and Recommendations 

Comprehensive testing of a prototype hybrid dissipation device and its individual components 

across a range of input strokes and frequencies was done in this research. The hybrid device 

consists of a viscous fluid damper and friction-based rings-springs. Based on the experimental 

procedure and results, the following conclusive remarks could be stated: 

The hybrid device consists of a viscous damper and a friction ring-spring thus, combining 

velocity-dependent and velocity independent characteristics of the two components.  

• The viscous device shows consistent dissipative behaviour with a linear correlation 

between the force and input velocity  

• The ring-spring shows a consistent velocity independent, flag-shaped behaviour offering 

re-centring with a level of dissipation 

• The maximum allowable displacement depends on the nominal length (number of rings) 

and the adjusted preload  

• The hybrid device shows a hysteretic behaviour combining the highly dissipative 

behaviour of the viscous device and the re-centring characteristics of the ring-spring  

Overall, the use of a combination of damping device components, whether integrated into a 

single hybrid device, as presented within this study, or incorporated as separate devices into a 

single structural system, allows a designer to tailor individual aspects of the structural damping 

behaviour. Initial and post-yield stiffness, nominal ‘yield’ force and the velocity dependence of 

the damping system can all be individually modified to produce an overall structural response 

that meets design targets. 
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Structural Modelling of Damping Devices 

Executive Summary 

The viscous dampers, ring springs, and the combined hybrid device have been well proven 

through the experiment test programme presented in the previous section. Each individual 

component exhibits a highly repeatable and predictable response profile, which makes modelling 

of a range of possible damping device configurations easy and reliable. From the results 

presented in the previous section, it would be easy to produce a hybrid damping device with a 

specific target performance, where the ring spring parameters (preload, loading stiffness, 

unloading stiffness, design force and displacement capacity) can be individually tailored to 

achieve an optimum overall structural response. Likewise, the viscous fluid damping component 

can be modified to alter the damping characteristics that it contributes to the overall hybrid 

device. 

The multitude of design parameters available to tailor the characteristics of an overall hybrid 

damping device presents a significant opportunity to produce a damping device with a specific 

response behaviour. However, it may be difficult to determine how the damping device design 

parameters affect the overall response of a structure. This research seeks to undertake seismic 

response modelling with a range of different structures, to ascertain the influence of different 

device design parameters on structural response. Results are presented as reduction factors, so 

that easy comparisons can be made between different responses. 

Structural Modelling – Lead Extrusion and Ring Spring Hybrid 

Analysis Summary 

This research investigates the structure-level influence of the use of hybrid damping devices 

consisting of ring springs and lead extrusion dampers. Dynamic behaviour of a system with 

nonlinear structural stiffness and supplemental hybrid damping via lead extrusion devices and 

ring spring dampers is used to investigate the design space and potential. Lead extrusion devices 

are modelled with design forces equal to 5% and 10% of seismic weight and ring springs are 

modelled with loading stiffness values of 20% and 40% of initial structural stiffness and 

respective unloading stiffness of 7% and 14% of structural stiffness (equivalent to 35% of their 

loading stiffness). Using a suite of 20 design level earthquake ground motions, nonlinear 

response spectra for 8 different configurations are generated. Results show up to 50% reduction 

in peak displacements and greater than 80% reduction in residual displacements of augmented 

structure compared to the baseline structure. These gains come at a cost of a significant rise in 

the base shear values up to 200% mainly as a result of the force contributed by the 

supplemental devices. 
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Analysis Parameters and Model 

The lead extrusion device behaviour may be modelled using a velocity-dependent nonlinear 

relation (Rodgers et al., 2008):  

 (8) 

where FD is the damper force, is the velocity exponent, which is within the range of 

[0.11-0.15], is the geometry dependent damper constant, and is the shaft velocity.  

Minimizing possible damage and/or repair costs is a common goal of structural design. To this 

end, determining maximum level of key response metrics including peak and residual 

displacement and peak base shear need to be thoroughly investigated and predicted. Minimizing 

peak structural displacement can reduce the deformation of individual structural components 

decreasing associated damage (Chiou et al., 2011; Ruiz-García and Aguilar, 2015). Residual 

displacements are associated with post-event repair costs (Bazzurro et al., 2004; Luco et al., 

2004; Polese et al., 2013; Salari and Asgarian, 2015), but are often neglected in the design 

process. Finally, overall column force and total base shear force is directly related to required 

column strength and foundation demands (Elnashai et al., 2004).  

This research investigates the influence of using a supplemental hybrid High Force-to-Volume 

(HF2V) plus ring spring damping device on the structural response parameters of a nonlinear 

structure. The structure has an elasto-plastic hysteretic behaviour thus exhibiting typical 

inelastic structural behaviour. The proposed hybrid device incorporates lead extrusion devices 

for their force capacity and dissipation and ring springs to add recentring. Nonlinear spectral 

analysis is done for a variety of HF2V and ring spring device capacities to parametrise their 

potential across a reasonable device design space.  

A typical single-degree-of-freedom (SDOF) system for spectral analysis is shown in Figure 24. 

Such models are regularly used in spectral analyses upon which performance based design 

codes rely (Chopra and Goel, 2001; Subramanian and Velayutham, 2014). In this case, the 

system includes a nonlinear elasto-plastic hysteresis for the structure and a supplemental 

damping system that is a hybrid of nonlinear HF2V and ring spring devices. The nonlinear 

structure is subjected to horizontal unidirectional seismic acceleration, with and without 

supplemental devices.   

DF C y
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Figure 24: Schematic configuration of a SDOF system and ground motion input. Left: uncontrolled 
baseline structure; Right: controlled/augmented struture (with supplemental devices) 

 

Nonlinear Structure Model 

In the previous sections, component tests of the damping devices have been undertaken and 

structural-level modelling has been completed to determine the likely response of a structure 

fitted with this type of supplemental damping system. Finally, to combine these aspects, the 

devices developed were included in a 14-tonne two-storey, low-damage steel frame structure 

that underwent testing on the University of Auckland shake table test facility. This important 

final step in the research combines the key theme of the previous two sections, to determine if 

the predicted response behaviour at the structural-level matches the predictions made from the 

computational study.  

Nonlinear elasto-plastic restoring force is modelled using the Menegotto-Pinto model (Menegotto 

and Pinto, 1973):  

 

(9) 

where F is the structural force, z is the deformation, FY is the yield force, and k is the stiffness. 

The parameters ρ and β are used to define the shape of the curve, where ρ is the ratio of post-

yield stiffness to pre-yield stiffness and β determines the shape of the transition curve.  
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Lead Extrusion Device Model 

The lead extrusion damper may be mathematically modelled using the Maxwell type mass-spring 

configuration (Rodgers et al., 2012). The total shaft displacement, z, is the sum of two separate 

components; linear elastic elongation of the device shaft, x, and the nonlinear bulge 

displacement within the cylinder, y, as in Figure 25 yielding:  

 

 (10) 
 

Due to the series nature of the spring-damper model, the spring (representing the elastic 

deflection of the shaft) and damper have an equivalent force. Experimental results (Cousins et 

al., 1991; Rodgers et al., 2008) indicate this force is related to the shaft velocity:  

 

 
(11) 

 

where is the velocity exponent, is the geometry dependent damper constant, and fD is 

the spring flexibility. Combining Eqs. (10) and (11) yields:  

 

 

(12) 

 

Converting Eq. (12) to the finite difference form and rearranging the terms yields:  

 

 

(13) 

 

where i is the time index. Note that the right hand side of the equation consists of known 

parameters at each time step, ti. To find FD from Eq. (13), an iterative method is required. Thus, 

the equation is rewritten:  
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Figure 25: Schematic configuration (top) and force-displacement behavior of a HF2V device (bottom) 

 

Comparing Eq. (14) and Eq. (11), the bracketed term is indeed the shaft velocity at instance 

ti+1. To avoid erroneous results due to the fractional exponent and also considering the direction 

of motion, Eq. (14) is broken into two separate parts:  

 

 
(15) 

 (16) 

 

Using sufficiently small time increments and a sufficient number of iterations in each step, Eqs. 

(15)-(16) will yield FD. The resulting force-displacement behaviour shown in Figure 25 (Rodgers 

et al., 2011) is in agreement with finite elements results of Yang et al., (2015).  

Ring Spring Model 

To model the behaviour of a stacked ring spring, a single ring is isolated to show the forces 

acting on an inner ring, as shown in Figure 26. Since the direction of the friction force depends 

on the direction of axial motion, the relation between the axial force and axial displacement of 

the ring, which represents the axial stiffness, will be different depending on whether the rings 

are moving apart (unloading) or the gap between them is closing (loading). It can be proved 

that the ratio of the increasing axial stiffness to the decreasing axial stiffness is defined 

(Erasmus, 1988):  
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(17) 

where Kd is the decreasing (unloading) stiffness and Ki is the increasing (loading) stiffness. 

Figure 26 also shows the typical behaviour of a ring spring in terms of force-displacement 

diagram.  

As expected, increasing stiffness is always greater than the decreasing stiffness. However, the 

stiffness and the total displacement capacity of the ring spring may be manipulated by using a 

different number of rings in a stack, using different configurations (parallel or series) of ring 

springs, and utilising different lubricants to lower the frictional coefficient (Hill, 1995). As evident 

in Figure 26, the displacement corresponding to zero force is zero. This result ensures self-

centring, which is an important characteristic of these devices and proves useful in managing 

nonlinear seismic displacements.  

 
 

 

Figure 26: Resolved forces on the inner ring (left) and force-displacement behavior of a ring spring 
device (right) 

Hybrid Device Model 

Combining the high dissipation of a HF2V device and the recentring ability of a ring spring, may 

provide benefits over using each component alone. However, the nonlinear nature of these 

devices precludes a direct formulation to predict their behaviour in a structure. While the 

nonlinearity of ring spring dynamics is the result of its direction-dependent multi-value stiffness, 

the nonlinearity of HF2V is because of its velocity-dependent force. The combination of such 

behaviours makes the design process more complicated.  

Eq. (18) shows the governing equation of motion for the system shown in Figure 24 including 

this hybrid device:  

 

 (18) 

 

where me is the seismic mass of the structure, FNL is the nonlinear structural restoring force, FRS 

is the ring spring force, and FHF2V is the lead-extrusion damper force.  
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The impact of each component on the overall behaviour of the hybrid device depends on their 

design parameters. The HF2V contribution is defined by ε, which is defined as the ratio of peak 

HF2V force Cα in Eq. (11) to the seismic weight, meg at a reference velocity of 1.0 m/s, giving:  

 (19) 

Moreover, the value α=0.12 is used in Eq. (11) based on the experimental results (Cousins and 

Porritt, 1993; Rodgers et al., 2006; Rodgers et al., 2007). The ring spring force can be specified 

by its loading and unloading stiffness values (Ki and Kd). A convenient way is to specify them as 

a percentage of pre-yield structural stiffness, Ks.  

Detailed Analysis Methodology 

To investigate the impact of hybrid devices over a design space of non-dimensional damper 

capacity, ε and Ki / Ks , a nonlinear spectral analysis (Ewing et al., 2009; Maniyar et al., 2009) 

is conducted using the medium suite of design level earthquakes (shown in Table 8) from the 

SAC project (Somerville and Venture, 1997). This suite includes 20 acceleration time histories 

with a probability of exceedance of 10% in 50 years. The results can then be used to assess 

the reductions in structural response, base shear demand, and residual displacement, 

parametrised by the device design parameters ε and Ki / Ks over a full range of structural periods 

to ensure easy integration into performance based design.   

 

Table 8: Ground motion records used in the simulations (medium suite of records in SAC project) 

No. SAC No. Record name PGA (g) 

1 (la01) Imperial Valley, 0.46 

2 (la02) Imperial Valley, 0.68 

3 (la03) Imperial Valley, 1979, Array 5 0.39 

4 (la04) Imperial Valley, 1979, Array 5 0.49 

5 (la05) Imperial Valley, 1979, Array 6 0.30 

6 (la06) Imperial Valley, 1979, Array 6 0.23 

7 (la07) Landers Eqk, 1992 0.42 

8 (la08) Landers Eqk, 1992 0.43 

9 (la09) Landers Eqk, 1992 0.52 

10 (la10) Landers Eqk, 1992 0.36 

11 (la11) Loma Prieta, 1989, Gilroy 0.67 

12 (la12) Loma Prieta, 1989, Gilroy 0.97 

13 (la13) Northridge, 1994 0.68 

14 (la14) Northridge, 1994 0.66 

15 (la15) Northridge, 1994 0.53 

16 (la16) Northridge, 1994 0.58 

17 (la17) Northridge, 1994, Sylmar 0.57 

18 (la18) Northridge, 1994, Sylmar 0.82 

19 (la19) North Palm Springs, 1986 1.02 

20 (la20) North Palm Springs, 1986 0.99 

eC m g =
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The model is presumed to have a nominal height, He=10 m, a seismic mass, me=104 Kg with 

the pre-yield structural stiffness determined by the natural period of the uncontrolled structure, 

(Ks=2π me
2/T ). A yield drift value of δy=2% together with parameters ρ=5% and β=20 in Eq. 

(9) are used to model the nonlinear structural stiffness. To account for elastic dissipation losses, 

inherent structural damping equal to 5% of critical damping is considered. The nonlinear time 

history response of the structure is evaluated for the selected hybrid device configurations using 

the software package MATLAB. Peak response parameters including displacement and base 

shear are recorded together with the residual displacement at the end of oscillation.  

The data extracted from the time history response of 20 earthquake records is used to evaluate 

the statistically representative metrics for each structural period. In accordance with the log-

normal distribution of results, geometric mean values are used to show the average values of 

peak displacement and peak base shear, and median values are used for residual displacements. 

This process is repeated for structural periods in the range Tn=[0.2-5] (s) with an increment 

dT=0.1 (s) to provide the response spectra (Maniyar et al., 2009).  

To better demonstrate how the supplemental damping alters the behaviour of a structure, the 

results are shown in the form of reduction factors. A reduction factor for a particular response 

metric is defined as a ratio of the modified structure response with added device to the 

uncontrolled structure response without device. As such, a value lower than 1.0 indicates a 

reduction in response (Bhunia et al., 2012).  

The response spectra are created for a set of parametrised hybrid device configurations. Two 

values of ε=5% and ε=10% are used to study the effect of HF2V capacity based on previous 

research (Rodgers et al., 2008). Two different ring spring scenarios, RS20 and RS40, characterised 

by loading stiffness values of Ki / Ks = 20% and Ki / Ks = 40% are considered in the analyses, 

where Ks is the pre-yield structural stiffness. For both ring springs, the unloading stiffness is 

considered to be 35% of the loading stiffness (Kd / Ki = 35%), so RS20 and RS40 have the return 

stiffness ratio of 7% and 14% respectively.  

The values of 5% and 10% storey weight for the HF2V device force capacity are defined from 

prior analyses done on steel beam-column connections (Rodgers et al., 2007). They are 

achievable device forces offering significant reductions and provide values below the equivalent 

plastic moment capacity of the beam depending on how it is specifically connected to the 

structure (Bacht et al., 2011). The ring springs are similarly scaled as a percentage of system 

stiffness to parametrise them to the structural design parameters. The values of 20% and 40% 

loading stiffness and respective return stiffnesses of 7% and 14%, as shown in Figure 26, are 

regarded in design as levels that enable recentring of structures (Khoo et al., 2012). Thus, these 

values were chosen based on the recentring stiffness they would offer as that was the primary 

reason for their use. However, a very wide range of possibilities is available, but these 

parameterised choices display the potential range of response achievable. 

Each of the four components of ε5, ε10, RS20, and RS40 are utilized in the structural model 

separately and in combination to generate 8 hybrid device configurations with 3 spectral analysis 

plots (RFdisp, RFshear, RFres) for each configuration. The overall results should fully characterise 

the design specifications and relative impact of these devices. Such spectra can thus provide 

design input to performance based design methods.  
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Analysis Results  

Displacement Results 

The reduction factors (RFs) for displacement response are shown in Fig. 27. The HF2V device 

significantly decreases the peak displacement results (Fig. 27(a)) with an average 30% 

reduction for ε5 and 45% reduction for ε10 whereas only a 10-15% average reduction is seen for 

RS20 and RS40 (Fig. 27(b)). The combination of 5% HF2V and ring springs (RS20, RS40) results in 

the RFs shown in Fig. 27(c). An average value of 0.6 is obtained for the total period range with 

the difference between RS20 and RS40 being reasonably insignificant particularly for periods 

greater than 2 sec. Reduction factors for ε10 and two ring springs show a similar trend to those 

of ε5 (Fig. 27(d)), but with a further increase in displacement reductions (RFdisp=0.5). The 

relatively small difference between the results of the hybrid device with different ring spring 

sizes suggests that the use of larger ring springs would not be fully justified based on 

displacement reductions alone. Overall, HF2V devices provide the primary reductions in peak 

displacement, where Figure 27(a) results are in accordance with the linear spectral analyses of 

Rodgers et al., (2008).  

  

  
 

Figure 27: Displacement RF results for: a) HF2V only; b) Ring Spring only; c) 5% HF2V with both ring 
springs; and d) 10% HF2V with both ring springs. Solid horizontal lines show average values for the 

results across all periods 
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Residual Displacement Results 

Residual displacement RFs are shown in Fig. 28. Reduced residual displacements with only HF2V 

(Fig. 28(a)) are mainly due to the overall decreased displacements throughout the time history. 

However, the reductions resulted using only ring spring (Fig. 28(b)) are associated with 

recentring stiffness and the reduced displacement due to the damping from the ring springs. 

Hybrid devices, show markedly greater average reductions higher than 80%, combining the 

positive effects of HF2V and ring spring (Figs. 28(c)-(d)). If the residual displacement is 

important, then a larger ring spring is more favourable as it provides greater recentring.  

 

  

  
 

Figure 28: Residual displacement RF results for: a) HFV2 only; b) Ring Spring only; c) 5% HF2V with 
both ring springs; and d) 10% HF2V with both ring springs 
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Base Shear Results 

Base shear RFs are shown in Fig. 29 where a reduction in base shear is observed for structures 

with periods less than approximately 1 sec. However, for longer period structures, significantly 

increased base shear is observed, as a consequence of the resistive and restoring forces 

imposed by the supplemental components. Such an increase suggests that the forces added to 

reduce displacements outweigh the reduced structural forces due to those displacement 

reductions. Comparing the response spectra with and without HF2V shows that the base shear 

is largely dominated by the contribution of the HF2V devices due to their dominant contribution 

to displacement reductions in Figure 27. In addition, the added base shear in the case of the 

structure with ring spring only, is largely independent of its natural period.   

To determine the contribution of individual components to the maximum base shear, percentage 

share of each component (nonlinear structural restoring force [FS], HF2V force [FHF2V], and ring 

spring force [FRS]) to the overall base shear is shown in Fig. 30. The plots are generated similar 

to the way response spectra were created and shown in previous figures i.e. the contribution of 

each component at the instance of maximum base shear during a particular ground motion 

input is recorded. Then the data obtained from all 20 earthquakes are then plotted using 

geometric mean values. 

  

  
Figure 29: Base shear RF results for: a) HFV2 only; b) Ring Spring only; c) 5% HF2V with both ring 
springs; and d) 10% HF2V with both ring springs. Green vertical dashed lines show the period for 

RFshear=1 
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A period-dependent increasing trend is witnessed for the HF2V force which is mainly associated 

with its velocity-dependent behaviour (Figs. 30(a) and 30(c)-(d)). The relative contribution of 

structural restoring force decreases as the period of the structure gets longer since the structural 

stiffness of the system decreases with an increase in natural period. Moreover, the base shear 

contribution of the ring spring in the hybrid device shows relatively low sensitivity to the natural 

period of the structure with ~15% for RS20 and ~20% for RS40. 

 

 

 

 
Figure 30:  Base shear components: a) HFV2 only; b) Ring Spring only; c) 5% HF2V with both ring 

springs; and d) 10% HF2V with both ring springs 

  

  
 

a) HF2V only b) Ring Spring only 

 

  
 

c) 5% HF2V with RS d) 10% HF2V with RS 
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Discussion  

Displacement response reductions are mainly dominated by the effect of HF2V device indicating 

that using larger device (ε10) without ring spring is favourable based on displacement alone. 

However, with regards to residual displacement, both components show a robust performance. 

Results suggest that an excellent reduction in residual displacement is achieved by using a 

hybrid device reducing the need for any post-earthquake remediation on a structure using these 

devices.  

However, reductions come at a cost. Base shear response is dominated by the contribution of 

HF2V force and ring springs impose the smaller forces to the structure. Considering base shear 

alone, the smaller ring spring only (RS20) is the best option to add to the structure. Considering 

all three response parameters evaluated, using a hybrid device that consists of 5% HF2V device 

(ε5) and 40% ring spring (RS40) seems to generate a more optimal response spectra for 

performance versus increased base shear. The overall results allow any series of choices to be 

assessed parametrically as the stiffness ratios and ε values span a reasonably achievable range 

for these devices (Rodgers et al., 2007; Rodgers et al., 2008; Khoo et al., 2013; Bishay-Girges 

and Carr, 2014).  

The SDOF design spectrum analysis is limited by the number of degrees of freedom. However, 

the analysis approach using RFs is entirely generalizable. For multi-degree-of-freedom (MDOF) 

systems representing multi-storey structures the reduction factors would be calculated in a 

similar fashion but there would be more of them depending on the number of storeys. For 

displacement at every storey of an 8-storey frame, there would be 8 RFs. However, if the 

structure was first mode dominant in response, as is typical, then the top storey deflection and 

single RF, similar to this analysis would suffice. In this case, any complex MDOF case is often 

quite specific to a single structure, where the approach here is generalizable to initial design of 

many possible structures. The analysis of how these devices influence the response of larger 

MDOF structures in the presence of higher mode effects is an important aspect of future work.  

Experimental verification is critical. However, this paper first establishes the potential for these 

hybrid devices before engaging in an extensive experimental test series. Because they are hybrid 

devices, experimental outcomes for a given device is the combination of the force capacities of 

both devices as a function of the input displacement and velocity. Thus, while a hybrid device 

has not been experimentally validated, there is extensive device level and in-situ validation of 

HF2V devices (Rodgers et al., 2008) and of ring springs (Khoo et al., 2012; Khoo et al., 2013). 

These outcomes show that the devices behave according to the models used in this paper in 

Eqs. (10)-(17) for modelling them. Thus, while the paper does not include experimental 

validation of a hybrid device, there is confidence that upcoming validation experiments, which 

were outside the length and scope of this article, will behave similarly.  

 



 

 
Pg 60/72 

Conclusions 

Comprehensive simulation of the structural response of a nonlinear hysteretic structure across 

a range of earthquakes has shown that significant reductions in peak displacement response 

can be achieved using realistic configurations of hybrid damping devices. Based on the 

investigations described, the following conclusions can be drawn:  

• Both the HF2V device and ring spring can modify the response metrics of the nonlinear 
system in terms of peak and residual displacements as a result of their damping capacity.  

• Peak displacement reduction factors are mainly controlled by the impact of HF2V devices 
particularly for larger periods.  

• Separately, either HF2V devices or ring springs reduce the residual displacements. 
However, combining them in a hybrid device results in even greater reductions of residual 
displacements giving the structure high self-centring ability.  

• Using supplemental damping devices can result in reduced base shear force only for low 
period structures. For higher periods, noticeably magnified base shear forces are 
witnessed in the structure.  

• The increase in base shear is dominated by the contribution of HF2V component. Thus, 
from the base shear point of view, smaller HF2V is preferred for a hybrid device.  

• Using ring spring only results in considerably lower residual displacements, with minimal 
increase in base shear. Thus, from a residual displacement viewpoint, using ring spring 
only is preferred over a hybrid device.  
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Shake Table Tests of Damping Devices 

Executive Summary 

In the previous sections, component tests of the damping devices have been undertaken and 

structural-level modelling has been completed to determine the likely response of a structure 

fitted with this type of supplemental damping system. Finally, to combine these aspects, the 

devices developed were included in a 14-tonne two-storey, low-damage steel frame structure 

that underwent testing on the University of Auckland shake table test facility. This important 

final step in the research combines the key theme of the previous two sections, to determine if 

the predicted response behaviour at the structural-level matches the predictions made from the 

computational study.  

This section outlines the experimental validations of a passive Direction and Displacement 

Dependent (D3) viscous damping device. The passive D3 viscous device produces viscous 

damping in any individual or multiple quadrants of the force-displacement response. The results 

provide the design approach, device characterization and validation for this novel device design. 

The effectiveness of both a 2-4 configuration of a D3 viscous damping device, (providing 

damping in only quadrants 2 and 4 of the force-displacement response plot), and a 1-3 

configuration of D3 viscous damper devices are compared with the performance of a typical 

viscous damper.  An experimental study of a 1/2 scale two storey steel frame building with 

passive 2-4 configuration of D3 dampers is subjected to shake table testing and the seismic 

performance of the supplemental damping system is assessed. The overall results show that 

the 2-4 D3 viscous damper can simultaneously reduce displacement response base shear force 

and acceleration and is therefore a robust means to mitigate the risk of damage to the structure, 

foundation and contents for either new designs or retrofit. 

Introduction 

Fluid viscous damping is a way of adding energy dissipation to the lateral motion of a structural 

system without involving major building modifications. However, the addition of the dampers 

into the building frame can lead to an increase in the maximum base shear and column axial 

forces, which, in practice, may require strengthening of columns and the foundations. Hence, 

any device that can robustly dissipate energy without increasing column and base shear 

demands would offer potential advantages. 

A nonlinear structure during sinusoidal loading with a standard viscous device has hysteresis 

loop definitions like those schematically shown in a Fig. 31a, where the elliptic force-deflection 

response due to the viscous damper is added to the nonlinear force deflection response. A 

standard viscous damper provides a robust, well-understood method to dissipate significant 

energy. However, the resulting base-shear force can be increased for structures with this type 

of response behaviour, as shown in the schematic. 
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To address this problem, Hazaveh et al [5,10] introduced the Direction Dependent Dissipation 

(D3) device and examine two types of D3 viscous device, a 1-3 and 2-4, to sculpt hysteretic 

behavior. The 2-4 configuration of the D3 device can reduce the base-shear demand by 

providing damping forces only in the second and forth quadrants of the force deformation plot, 

resisting motion only toward a zero-displacement configuration (Fig. 31c). Therefore, the 2-4 

D3 device appeared to be an appealing solution for reducing seismic response in displacement 

(structural demand) and base shear (foundation demand). 

 

Figure 31: Schematic hysteresis for a typical, 1-3, and 2-4 viscous damper device, Vb = total base shear, 
VS = base shear for undamped structure. Vb > VS indicates an increase due to the additional damping. 

 

In this study, the new passive D3 viscous device can provide viscous damping in any individual 

or multiple quadrants of the force-displacement response is introduced. The effectiveness of a 

2-4 configuration of a D3 viscous damping device is compared numerically with the performance 

of a typical viscous damper and a 1-3 D3 viscous damper devices. Then, experimental validation 

of a prototype device is undertaken using an MTS810 hydraulic test machine. The results provide 

the design approach, device characterization and validation for this novel device design. Finally, 

an experimental study of a 1/2 scale two storey steel frame building with passive 2-4 

configuration of D3 dampers is subjected to shake table testing and the seismic performance of 

the supplemental damping system is assessed.  

The overall results show that the 2-4 D3 viscous damper can simultaneously reduce 

displacement response base shear force and acceleration and is therefore a robust means to 

mitigate the risk of damage to the structure, foundation and contents for either new designs or 

retrofit. 
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Numerical Study 

This study investigates the relative effectiveness of a traditional viscous damper, and the 1-3 
and 2-4 D3 viscous dampers on the seismic response of self-centering SDOF structural systems 
with periods T=0.1- 4.5 sec. The self-centering rocking behaviour is modelled numerically with 
an idealized bi-linear elastic spring [11]. The analysis of each test structure utilizes all 60 
earthquakes from the 3 earthquake suites of the SAC project [12]. Each suite is comprised of 
10 different time histories with two orthogonal directions for each history. The 3 suites contain 
ground motions having probabilities of exceedance of 50%, 10% and 2% in 50 years in the Los 
Angeles region, denoted the low, medium and high suites, respectively. 

Figure 32 shows the median structural displacement (RFSd) and base shear (RFvb) reduction 
factors versus period for the self-centering SDOF structures (T=0.1- 4.5 sec). As expected, the 
typical viscous damper (1-4 device) offers the greatest displacement reduction as it has the 
biggest area enclosed within the device hysteretic loop in Figure 32, but increases the overall 
base shear by the largest amount for almost all periods, in recompense. For example, for a 
period of 3.0 sec, RFvb ≈ 3.0 for the typical viscous device, indicating total base shear with the 
viscous damper is three times that of the uncontrolled (no device) case. Similarly, the 1-3 device 
has RFSd <1.0 and RFvb >1.0 for most periods. However, the 1-3 viscous device reduces 
displacement less than the 1-4 typical viscous damper, as the area enclosed with the device 
hysteretic loop is approximately half the size, as shown in Figure 31. 

 

Figure 32: The median damping reduction factor of structural displacement, total base shear and 
acceleration of structures with periods 0.1sec to 4.5 sec and ductility (R) of 2.0 and 4.0 with three type 

viscous devices, with values of 5% additional damping under low, medium and high suite ground 
motion. 
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In contrast, the 2-4 viscous device has RFSd <1.0 and RFvb <1.0 in almost all cases. Overall, the 

2-4 viscous device provides RFsd and RFvb ≤ 1.0 at levels that are relatively constant across 

periods. The 2-4 viscous damper approach thus offers the minimum variability in median level 

risk and thus the greatest robustness across structural periods, to a level not available from the 

other two devices considered. More specifically, the 2-4 viscous damper offers minimal risk of 

increased foundation demand along with reduced displacement demands. 

Experimental Component Testing 

Experimental validation of a 2-4 Displacement Direction Dependent (D3) dissipation device that 

provides viscous damping in two quadrants is undertaken using an MTS810 hydraulic test 

machine. Sinusoidal displacement inputs provide a range of velocity inputs and device forces 

used to characterize the damping behaviour of the prototype and illustrate the ability to provide 

controllable viscous damping in any single or multiple quadrant(s) of the force-displacement 

response. 

The damping device was modified in two steps, by first modifying the piston then by modifying 

the cylinder to have a passive single quadrant viscous damper. The prototype piston was 

constructed with 2 sets of independent orifices. These orifices can be individually blocked to 

experimentally test different configurations and damping levels. To provide one way flow and 

thus direction dependent damping, a flat ring plate was added to the piston design to cover the 

one set orifices when the piston is moving toward the side with the ring, as shown in Figure 33. 

 

 

 

 

 

 

Figure 33: a) Scheme and photo of the modified piston, (b) Force-displacement of the device showing 
half the hysteresis loop (2-3 quadrants only) of a viscous damper when 6 orifices are open under 

sinusoidal loading with frequency 2.5 Hz and amplitude 20 mm. 
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The next step is a device with damping in only one quadrant of the force-displacement plot. To 

achieve a single quadrant hysteresis loop, requires displacement or location dependent damping 

so that damping is only produced in one half of the device cylinder. To achieve this goal, the 

internal cylinder diameter is increased over half of the device, to enable the fluid to flow through 

an annular gap around the piston circumference in this half of the cylinder, negating any 

damping when moving in either direction. Therefore, when the piston is located in the area that 

has larger cylinder bare diameter the device produces only minimal damping forces. The design 

illustration is shown in Figure 34. 

 

 

Figure 34: a) Scheme of the modified cylinder. b) Step-by-step representation of position of the 
modified piston in the modified cylinder under a sinusoidal loading. 

 

To obtain 1-3 or 2-4 behaviour in an entirely passive, not semi-active, manner is thus just a 

matter of either: a) combining multiple single-quadrant devices in series configuration with 

shared shaft or in a parallel configuration with a shared connection, or b) creating a combined 

device design with two pistons and a shared shaft in a single cylinder with 2 stepped portions 

of the cylinder bore. Hence, there is no specific limitation to the type of damping hysteresis loop 

that might be obtained in terms of which quadrants or parts of quadrants experience viscous 

damping and which do not. Figure 35 shows the 2-4 D3 viscous device design illustration. 

 
Figure 35: 2-4 configuration of D3 viscous device prototype 
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Figure 36 shows the resulting experimental force-displacement under sinusoidal loading with 

input amplitude 35 mm and a range of input frequencies. It is clear a 2-4 device behaviour is 

obtained. Experimental validation of a proof of concept device validates the direction dependent 

and displacement dependent damping has been obtained, and confirms the capability of 

providing this viscous damping entirely passively in relatively low device cost design. 

 

 

 

Figure 36: Force-displacement of the 2-4 D3 device with 3 orifices open when providing damping force 
under sinusoidal input loading with different frequencies and an input amplitude 35 mm. The 

experimental test setup in the MTS-810 machine. 
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Shake Table Testing 

The numerical structural model and the experimental component testing were then 

experimentally validated in combination via the seismic performance of a 1/2 scale, two storey 

steel frame building with passive 2-4 D3 dampers subjected to uni-directional shake table 

testing. The test specimen is composed of two steel frames with Asymmetric Friction 

Connections (AFC) [13-16] in the column base and beam-to-column joints, as shown in 

Figure 37.  In the transverse direction, the two frames are joined by short transverse beams. 

The length of the beams, columns and the amount of the mass at each floor are provided in 

Table 9. 

Table 9: Properties of the two-storey test buildings 

Items Properties 

Inter-storey height [m] 1.6 

Bay length [m] 3.2 

Building width [m] 2 

Mass per floor [ton] 6.5 

Column Section 100 UC 14.8 

Beam Section 100 UC 14.8 
  

 

 

Figure 37: Test building constructed frame. Two steel frames with asymmetric friction connections 
(AFC) in the column base and beam-to-column joints. Constructed test building frame was applied with 

two 2-4 D3 viscous damper prototypes. 

2-4 D3 viscous devices 
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Figure 38a shows the maximum displacement of the structure without any dissipation devices 

is approximately 98 mm for the Kobe earthquake input. The resulting maximum drift at the roof 

level is about 3.04%, which is larger than the desired value of 2.5%. To improve the structural 

performance and reduce the maximum drift, the 2-4 configuration of D3 viscous damper was 

used as shown Figure 37. 

After applying two 2-4 D3 viscous dampers, the drift is reduced approximately 40% to 1.83%. 

Using the 2-4 viscous damper decreased the structural drift, while decreasing the total base 

shear and acceleration, as seen in Fig. 35b-c. In particular, Figure 38b shows the hysteresis 

loop of the structure before and after using the 2-4 viscous damper. The hysteresis loop of the 

2-4 D3 viscous damper is shown in Figure 38d. These results show that applying damping in 

only quadrants 2 and 4 not only reduces the displacements of the structure, but, as expected 

and desired, it also reduces the base shear. The accelerations (Figure 38c) are also reduced. 

Hence, there is no additional foundation demand, structural displacement demand or damage 

to contents, as seen in the accelerations, to improve the structural performance with these 

devices.  

 

  

 
 

Figure 38: Structural response under Kobe earthquake before and after using the 2-4 D3 viscous 
damper, (a) Displacement of second floor (b) hysteresis loop of the structure, (c) acceleration of second 

floor (d) force-displacement of the 2-4 D3 viscous damper. 
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Conclusions 

This section presents computational and experimental studies on improving seismic structural 

performance using novel Displacement and Direction Dependent (D3) viscous devices. These 

proposed devices offer the adaptability of semi-active devices in an entirely passive device 

design, and thus include the high reliability and low complexity of passive devices. The 

effectiveness of a 2-4 configuration of a D3 viscous damping device is compared with the 

performance of a typical viscous damper. Given the potential and link to standard design 

procedures, the D3 device design concept is presented and experimental tests undertaken on a 

prototype device. Finally, experimental validation using the proposed device is undertaken by 

shake table tests of a half scale two storey steel structure. The results show that using the 2-4 

D3 viscous damper could reduce the displacement and inter-storey drift to reach the desired 

design value without increasing base shear and floor accelerations. Therefore, there is no 

additional foundation demand and there is a potential reduction in content damage. The overall 

results show that simultaneous reductions in displacement, base-shear and displacement 

demand for nonlinear structural deformation is available with the 2–4 D3 viscous fluid damper. 
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