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ABSTRACT: Semi-active dissipation devices have shown significant potential to re-

shape structural hysteresis behaviour and thus provide significant response and damage 

reduction. However, semi-active devices are far more complex and costly than passive 

devices, and thus are potentially much less robust over time in a structure. A passive 

device design is required that can provide the unique response behaviour of a semi-active 

device, but in a far more robust and low-cost design. 

This study introduces the concept, design and experimental validation of a Direction 

Dependent Dissipation (D3) device using viscous damping to improve seismic structural 

response. The D3 device can provide viscous damping in only the second and fourth 

quadrants (also referred to as 2-4 hysteresis) of the force-displacement response, as can 

be done with a semi-active device, but using an entirely passive and thus more robust and 

lower cost device. This specific a 2-4 device can there develop energy and reduce 

response without increasing base shear force or foundation damage. 

A D3 device design concept is presented. Experimental validation of a prototype device 

with 30-60kN force capacity is undertaken using an MTS-810 hydraulic test machine. 

Sinusoidal displacement inputs provide a range of velocity inputs and device forces, 

enabling device characterisation. Prototype performance is characterized by design 

parameters including: orifice, cylinder and piston sizes. Hence, forces as low as 2kN can 

be produced, up to a maximum, in this prototype, of 51kN at 340 mm/sec input velocity 

(MTS peak velocity). The overall results provide a set of design curves for creating these 

relatively low cost devices (< NZ$1000 per device is estimated), as well as validating 

their overall capability, directional dependent dissipation, and thus the overall D3 device 

concept.  

1 INTRODUCTION 

Modern buildings are designed to sacrificially sustain significant damage during their structural 

response from large earthquake ground motions. It provides a means to absorb input energy, while 

preserving life safety.  Instead of damage to the main structural elements to absorb energy, 

supplemental control and energy dissipation devices have been proposed that are intended to absorb a 

portion of the seismic response and protect structures from damage. 

The fluid viscous damper is a well-known damping device that has been the subject of numerous 

experimental and analytical investigations (Lin and Chopra 2002). However, several studies showed 

that although adding viscous dampers could reduce seismic structural displacements, it increases the 

overall base shear demand on the structure (Filiatrault et al. 2001, Miyamoto and Singh 2002, Vargas 

and Bruneau 2007, Symans et al.  2008). This approach would thus result in increased costs and 

foundation demand, negating many of the benefits. 
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A nonlinear structure during sinusoidal loading with a standard viscous device has the hysteresis loop 

definitions schematically shown in a Figure 1a, where the elliptic force-deflection response due to the 

viscous damper is added to the nonlinear force deflection response.  The standard viscous damper will 

dissipate significant energy. However, the resulting base-shear force is increased. 

To address this problem, Hazaveh et al (2014, 2015) evaluated the concept of a Direction Dependent 

Dissipation (D3) device and examined three types of device control laws (a 1-3 and 2-4) to sculpt 

hysteretic behaviour. The 2-4 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 (Figure 1b). Therefore, the 2-4 D3 device appeared to be an 

appealing solution for reducing seismic response in displacement (structural damage) and base shear 

(foundation damage), matching semi-active device results (Mulligan et al. 2009).The overall concept 

is based on semi-active resettable stiffness devices (Chase et al. 2006).  

 

     

 

Figure 1 - Schematic hysteresis for a standard viscous damper and a 2-4 D3 device , FB = total base shear, 

FS = base shear for undamped structure. FB > FS indicates an increase due to the additional damping. 

(Hazaveh et al., 2015). 

In this study, an experimental validation of a prototype D3 device with 30-60kN force capacity is 

undertaken using an MTS-810 hydraulic test machine. Orifice, cylinder and piston design of the 

prototype viscous damper are modified to achieve a prototype D3 device that can provide a quadrant 

by quadrant, customised hysteretic response, but in a passive device design for robustness. Successful 

outcomes would indicate the benefit of developing and characterizing specific, low-cost device 

designs for practical implementation, incorporating the specialised response characteristics of semi-

active devices into a fully passive damping device. Hence, this work focuses on this passive design to 

achieve what was heretofore only possible in a much more complex semi-active device. 

2 MODELING AND EVALUATION APPROACH  

In this study a prototype 2-4 D3 device is achieved by modifying a typical viscous damper. There are 

several different steps required to capture a 2-4 D3 hysteresis loop in a passive device. In the first step, 

a simple viscous damper design is produced and tested to evaluate a baseline of orifice sizing, force 

levels and velocity dependence. The hysteretic response is then designed in two steps, to a single 

quadrant. Two single quadrant designs can be made to create a 2-4, or 1-3, D3 device. 

2.1 Viscous device and setup 

The viscous damping device was designed to be tested in a 100 kN MTS testing machine and was 

produced with grips for attaching into the existing machine clamps. The device was completely 

assembled before fluid was added via a filing hole in the device end caps. General purpose Castrol   

Axel EPX 80W-90 oil was chosen as the fluid to be used. This fluid was selected as a cheap and easily 

accessible option while expected to have a dynamic viscosity of around 0.08 N.s.m
-2

.  

The prototype piston is located at the middle of the cylinder and has 30 independent orifices of 
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different sizes to enable multiple configurations. These orifices were chosen to provide a range of 

sizes, which could be easily filled to experimentally test different configurations and obtain an orifice 

area versus force and velocity characterisation. Figure 2 shows the dimensions and layout of orifices 

on the piston. Tests were done with three different orifice combinations (Figure 2): 

 Case1: 12×4.5mm + 6× 3.5mm orifices open 

 Case2: 6× 3.5mm orifices open 

 Case3: 3× 3.5mm orifices open  

 
Figure 2 - Geometry of piston (left) showing the orifice orientation and (right) case1 orifice configuration.  

 

 

Figure 3 - SolidWorks  model  of  damping  device  showing  the  cylinder  and  piston  pushed  internally.  

Figure 3 shows a model of the damping prototype showing the cylinder and piston. Moving the shaft 

and piston, forces the fluid to flow through the open orifices and produces resisting force dependent on 

velocity. Figure 4 shows force-displacement graph for the viscous damper when 18 (12×4.5mm + 6× 

3.5mm) orifices open (case 1) under sinusoidal loading with 0.9 Hz frequency and 60 mm amplitude. 

Results show that the prototype viscous damper device has the expected elliptic viscous hysteresis 

loop.   Figure 5 shows the linear force-velocity relationship when 18 (3× 3.5mm) orifices open 
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Case 1: 12×ø4.5 + 6× ø3.5 orifice open 
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(cases3). As the MTS test equipment could not provide the required maximum velocity after 0.34 m/s, 

the data for less than 0.34m/s are shown. 

 

  

Figure 4 - Force-displacement graph of the prototype viscous damper with 18 (12×4.5mm + 6× 3.5mm) or-

ifices open (case1) under sinusoidal loading and the experimental test setup in the MTS machine.    

 
Figure 5 - Maximum force and velocity of the viscous damper case 3 (18 - 3× 3.5mm- orifices open). 

 

2.2 A single quadrant hysteresis loop of a viscous damper 

Direction dependence of damping behaviour is required to enable customisation of the overall 

response behaviour like a semi active device (Chase et al. 2006). The piston of viscous damper was 

modified to achieve a half hysteresis loop of the viscous damper. As case 1 (18 orifices) was found to 

produce only ~ 2kN, the modified piston just has 18 orifices (12×4.5mm and 6×3.5mm) instead of the 

original 30 included in the original piston. Moreover, a flat ring plate that covers the 12× 4.5mm 

orifices was designed to add to the piston and provide one way flow valves. To give the required space 

for moving of the plate, three 12×M8 hex socket bolts and flat nuts are added on top of the piston. 

By moving of the piston in one direction, the fluid forces the ring plate to cover the outer ring of 

12×4.5mm orifices. Therefore the fluid is forced to flow through only the 6×3.5mm orifices and 

produces resisting forces case 2. In the reverse direction of movement, the pressure difference lifts the 
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ring plate off the piston and fluid can also flow through the 12×4.5mm (case1) and only produces a 

low amount of force as all orifices are open. Therefore, there is a large resisting force in one direction 

when the plate covers 12×4.5mm orifices and vice versa.  

Figure 6 shows scheme of a modified piston. The modified piston gives the opportunity to have a half 

hysteresis loop of viscous damper. Figure 7 shows force-displacement of the device with the modified 

piston under sinusoidal loading with 2.5 Hz frequency and 20 mm amplitude. 

 

  
 

Figure 6 - Scheme and photo of the modified piston. 

 

 
Figure 7 - Force-displacement of the device showing half the hysteresis loop (2-3 quadrants only) of a vis-

cous damper when 6 orifices are open under sinusoidal loading with frequency 2.5 Hz and amplitude 20 

mm. 

 

Having already developed and tested a piston that provides single direction-dependent damping 

(Figure 7), the next step is to incorporate piston-dependent behaviour to achieve a device with 

damping in only one quadrant of the force-displacement plot. To achieve this position dependence, the 

internal cylinder diameter is increased at over one half of the device, to enable the fluid to flow around 

the piston circumference in this half regardless of the direction motion. Therefore, when the piston is 

located in the area that has larger cylinder diameter the device produces only minimal damping forces 

in both directions. The design is shown in Figure 8. 

By changing the direction of the piston within the cylinder, two shapes of hysteresis loop can be 

achieved. Error! Reference source not found. shows two ways of assembling the device to capture 

only the second and fourth quadrant hysteresis loop of a viscous damper. Therefore, a 2-4 D3 device 

hysteresis loop is accomplished using these two devices in parallel or combined as a single two-piston 
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device. Error! Reference source not found. shows the hysteresis loop of these two devices when 

6×3.5mm orifices are open under sinusoidal loading with 20 mm amplitude and 1.25 Hz frequency. 

This figure shows step by step of moving of the device and resisting force that produced in second and 

fourth quadrant. 

 
 

 
Figure 8 - Scheme of the modified cylinder. 

 

  

Figure 9 - Two ways of assembling the device to produce hysteresis loop in (mainly) second or fourth 

quadrants. 

 

3 CONCLUSION 

This study presents the concept, design and experimental validation of a Direct Dependent Dissipation 

(D3) device that provides viscous damping in the second and fourth quadrants (2-4) of the force-

displacement plot on seismic response. The 2-4 D3 device resists only motion from a displacement 

peak back toward the zero-displacement position. Experimental validation of a proposed device is 

undertaken using an MTS-810 hydraulic test machine under different sinusoidal loading. Both 

direction-dependence and position dependence have been individually investigated and validated. A 

combination of the characteristics could potentially be used to develop a 2-4 device behaviour. 

Experimental prototype the D3 device tests confirm the capability of providing this direction 

dependent viscous damping at low device cost. 
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