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ABSTRACT 

Viscous fluid damping has been used worldwide to provide energy dissipation to structures during 
earthquakes. Semi-active dissipation devices have also 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 potentially less robust over time. 
Ideally, a passive device design would provide the unique response behaviour of a semi-active device, but in 
a far more robust and low-cost device. This study presents the design, development and characterization of a 
passive Direction and Displacement Dependent viscous damping (D3) device. It can provide viscous damping 
in any single quadrant of the force-displacement hysteresis loop and any two in combination. Previously, this 
behaviour could only be obtained with a semi-active device. The D3 device is developed from a typical 
viscous damper, which is tested to evaluate the baseline of orifice sizing, force levels and velocity 
dependence. This prototype viscous damper is then modified in clear steps to produce a device with the 
desired single quadrant hysteresis loop. The overall results provide the design approach, device 
characterization and validation for this novel device design. 

INTRODUCTION 

Several studies have demonstrated the effectiveness of semi-
active dissipation for enhancing seismic performance, attaining 
safety levels not easily achieved in conventional structures 
using current design criteria [1-10]. The potential of many 
classes of semi-active devices and control methods, including 
variable stiffness and variable damping, to mitigate damage 
during seismic events is well-documented [1-3,5,7,9,10].  

Many prior semi-active devices have been air or fluid based 
systems based on the principles of variable stiffness [3,8,9,11], 
but were complex and could not produce the very large control 
forces often required for controlling realistic structures. To 
address this problem, Hazaveh et al. [12-15] evaluated the 
concept of semi-active viscous dampers and examined three 
types of device control laws (a 1-4, 1-3 and 2-4) to sculpt 
hysteretic behaviour based on Chase et al. [3]. Figure 1 shows 
schematic hysteresis loops for a linear structure with semi-
active 1-4, 1-3 and 2-4 devices, to illustrate the overall outcome 
of these different configurations. 

The 2-4 control law appeared to be an appealing solution for 
reducing seismic response in displacement (structural damage) 
and base shear (foundation damage) by providing damping in 
second and forth quadrants of the hysteresis loop [11,15]. 
Moreover, Hezaveh et al. evaluated the performance of the 2-4 
control law in a nonlinear two story structure subjected to  shake 
table test of a half scale two-story steel frame that showed the 
2-4 device could improve the structural performance without 
increasing base shear [16]. 

However, semi-active devices are far more complex and costly 
than passive devices, require an external power source and 
competition, and thus are potentially much less robust. Hence, 
this study first focuses on evaluating the characteristics of 
classic, very simple oil based viscous damper. This classic 
viscous damper is then modified in distinct steps to obtain a 
prototype viscous device with customized hysteretic response. 
In particular, it is modified to provide direction dependent and 
displacement dependent damping. The goal is to obtain a 
passive device design that can produce damping in any one 
quadrant of the hysteresis loop. In combination, two such 
devices could then create a passive version of the 1-3 and 2-4 
semi-active devices. Experimental validation and 
characterization of a prototype D3 device with 30-60kN force 
capacity is undertaken using an MTS-810 hydraulic test 
machine.  

MODELLING AND EVALUATION APPROACH OF A 
STANDARD VISCOUS DAMPER 

A viscous damping device was produced with grips for testing 
a 100kN capacity MTS hydraulic test. General purpose Castrol 
Axle EPX 80W-90 oil was chosen as the fluid to be used. This 
fluid was selected as a very low-cost and easily accessible 
option, while expected the fluid has a kinematic viscosity of 
approximately 140mm2/s (140cSt) at 40°C to provide 
reasonable force at the expected flow rate. A more expensive 
fluid option, such as silicone fluid could be used, but this study 
is intended to provide proof of concept validation of the device 
design, particularly at low cost, rather than a final, fluid-specific 
result.
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Figure 1: Schematic device hysteresis loop for a) 1-4 device, b) 1-3 device, and c) 2-4 device. 

The prototype piston was constructed with 30 independent 
orifices of different sizes. These orifices have a range of sizes 
and can be individually blocked to experimentally test 
different configurations and damping levels. Figure 2 shows 
the dimensions and layout of orifices on the piston. Tests were 
done with three different orifice combinations (Figure 2): 

• Case 1: 12× Ø4.5mm + 6× Ø3.5mm orifice open, total 
open orifice area=  994.3mm2 

• Case 2: 6× Ø3.5mm orifice open, total open orifice area=  
230.9mm2 

 

• Case 3: 3× Ø3.5mm orifice open, total open orifice 
area=115.4mm2 

The main aim of having different orifice areas open is to 
characterize the viscous damping force obtained. As the piston 
moves at a given velocity, it dictates a flow rate that must pass 
through the open orifice area. This flow rate is equal to piston 
area multiplied by the velocity (mm/sec). A much higher fluid 
velocity through the orifices is required through orifices as 
their area is significantly smaller than the piston force area. 

 

(a) 

(b) 

(c) 
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Figure 2: Geometry of piston showing the orifice 
orientation and case1 of orifice combinations.  18 orifices 
open (12× Ø4.5mm and 6× Ø3.5mm), 6 orifices open (6× 

Ø3.5mm) and 3 orifices open (3× Ø3.5mm). 

 

 

 

Figure 3: Model of damping device.  

The end caps were fastened using 12×M8 hex socket bolts and 
sealed with an O-ring and back-up. Each end cap contained a 
threaded hole for a pressure sensor and a grub screw, which 
could be easily removed to add or remove oil. Both holes were 
sealed with thread tape and the use of copper washers. Figure 
3 shows a schematic model of the damping prototype.  

Linear viscous dampers are typically characterized by using 
sinusoidal test input and constitutive law where the force (F) 
is a function of velocity (v): 

𝐹𝐹 = 𝐶𝐶𝐶𝐶                                                                                 (1) 

𝑣𝑣max = 2𝜋𝜋𝜋𝜋𝜋𝜋                                                                       (2) 

where, C is a constant expressed in units of a force divided by 
a velocity (kN.s/m), vmax is maximum velocity, and f  and A are 
frequency and amplitude of a sinusoidal excitation, 
respectively. 

Figure 4 shows the hysteresis loop when 18 orifices are open 
(Case 1) under sinusoidal inputs with frequencies of 0.3 Hz to 
0.9Hz and amplitude of 60mm. As expected increasing 
velocity with increasing frequency leads to larger forces. Table 
1 shows good agreement between the maximum experimental 
velocities with values from Eq.1. Figure 4 also shows the 

relationship between analytical and experimental velocity, 
including saturation of velocity of the MTS machine at 340 
mm/sec. Beyond this limit, the MTS hydraulic test machine 
did not have the flow rate required to accurately track the 
command displacement profile, leading to this velocity 
saturation. The saturation is thus a limitation in this specific 
test machine, not a problem with the viscous damper. 

In particular, as the test machine reached maximum speed, it 
produces non-sinusoidal ‘triangle waves’ at a saturated 
constant velocity that also saturates device force, as shown in 
Figure 5.  

 

 

 
Figure 4: a) Force-displacement of the viscous damper with 

18 orifices open under sinusoidal loading with different 
frequencies, b) Relationship between analytical and 

experimental velocity of the viscous damper with 18 orifices 
open.  

 

Table 1: Compression between the maximum experimental 
velocities with analytical ones that calculated from Eq.1 of 

viscous damper with 18 orifices open. 

Frequency 
(Hz) 

Amplitude 
(mm) 

Analytical 
Velocity 
(mm/s) 

Experimental 
Velocity 
(mm/s) 

0.25 20.00 31.42 31.73 
0.50 20.00 62.83 63.28 
1.00 20.00 125.66 131.36 
1.25 20.00 157.08 157.67 
1.75 20.00 219.91 220.74 
2.00 20.00 251.33 251.44 
2.50 20.00 314.16 312.22 
2.75 20.00 345.58 343.26 
3.00 20.00 376.99 347.00 
3.25 20.00 408.41 350.50 

 

Case 1:  

12× Ø4.5mm + 6× Ø3.5mm orifice open 

 

Case 2: 6× Ø3.5mm orifice open 

 

Case 3: 3× Ø3.5mm orifice open 

 

275 mm 

750 mm 

100 mm 

a) 

b) 
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Figure 5: Results of the device under sinusoidal loading 

with frequency of 1.75Hz and amplitude of 60mm, (a) 
command input displacement and actual measured 
displacement (b) fore-displacement of the device.  

 

 

 

 
Figure 6: Maximum force and velocity of the viscous 

damper for all three cases. (b) Maximum force and orifice 
velocity for all three cases. 

Figure 6 shows maximum force and velocity for all three 
cases. As expected, the maximum force increases with 
decreased open orifice area. The calculated damping, C, is 
approximately 152.5, 52 and 9kN.s/m for Cases 1, 2 and 3, 
respectively. 

The velocity of flow through the orifices (vo) is a function of 
piston velocity (vp) and the ratio of the area of the piston (Ap) 
to the open orifice area (A0): 

𝑣𝑣𝑜𝑜 = 𝑣𝑣𝑝𝑝
𝐴𝐴𝑝𝑝
𝐴𝐴𝑜𝑜

                                                                           (3) 

 
Figure 7: Force-displacement the viscous damper with 18 
orifices opened under 0.7Hz sinusoidal load before and 

after a sequence of testing the included 136 cycles. 

Figure 6b shows the maximum force versus orifice flow 
velocity for all three cases. The results indicate that the 
relationship between maximum force and orifice flow velocity 
has the same value for all of three cases, as expected since the 
assumption is a function of v0 explicitly. 

In a typical earthquake there are not many large, repeated 
cycles. The viscous damper does lose some portion of force 
due to heating when many input cycles are undertaken. Figure 
7 presents the results for input amplitude of 30mm and a 
loading rate of 0.7Hz. Two sets of results are presented for the 
same input, one undertaken at the start of a sequence of testing, 
and the other at the end of a sequence of testing that comprised 
a total of 136 cycles across a time period of 12 minutes. The 
comparative results show a reduction in resistive force of 
approximately 17%. This loss of force is attributed to dynamic 
heating effects and the corresponding reduction in fluid 
viscosity, and would not be an issue in an earthquake where 
much fewer response cycles could be expected. 

CREATING A PASSIVE SINGLE QUADRANT 
VISCOUS DAMPER 

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. To provide one way 
flow and thus direction dependent damping, a flat ring plate 
was added to the piston design to cover the 12× 6mm orifices 
when the piston is moving toward the side with the ring. Three 
socket bolts are added on top of the flat ring to retain the 
washer and give the required space for moving of the plate 
(Figure 8). When moving in a direction with fluid pressure it 
on under side of the piston, the washer slides off the piston and 
open these larger outer orifices to allow increased fluid flow, 
reducing the damping force significantly. It should be noted 
that these retaining bolts are only one possible way of holding 
the circular ring in piston. The relation of this ring could also 
be obtained by a shoulder on the shaft or other similar method. 

More specially, by adding the flat ring to the piston, there are 
two set of resisting forces dependent on the direction of the 
piston: 

1. Large resisting forces: In one direction, with flow pressure 
against the ring, the fluid forces the ring plate to cover the 
longer outer ring of 12× Ø6mm orifices. Therefore the 
fluid is forced to flow through only the 6× Ø3.5mm 
orifices. 

2. Low resisting forces: In the reverse direction when the 
flow moves through the 12× Ø6mm orifices, the plate lifts 
off the piston face allowing fluid flow through the longer 
orifices. Therefore, the orifices flow rate, V0, drops 
substantially, as does the resulting damping force. 
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Figure 8: Scheme and photo of the modified piston. 

 

Figure 9: 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. 

The modified piston alone produces a half hysteresis loop 
viscous damper. Figure 9 shows force-displacement of the 
device with the modified piston under sinusoidal loading with 
2.5 Hz frequency and 20 mm amplitude. The damping forces 
are otherwise in line with those of Figure 6. 

Figure 10 shows time delay of covering orifices by the flat ring 
plate. The device has a delay about 0.03s (from 0.81s to 0.84s 
in Figure 10c) until the flat ring covers the orifices. This delay 
should not have a significantly effect for most structures with 
typical fundamental frequencies in the 0.2-5.0Hz range.  Some 
issue due to heating over many more large cycles than would 
be need in a typical earthquakes. However, silicone fluids may 
improve this behaviour using variants of silicone that have 
either Newton (linear Force-Velocity response) or Non-
Newtonion (non-linear Force-Velocity) response. Future work 
could issue these trade-offs. The timing delay represents the 
time taken for a differential pressure to be established across 
the faces of the circular plate, causing it to be pushed against 
the piston face. 

Figure 11 shows the hysteresis loops for 0.5Hz to 2.5Hz and 
an amplitude 20mm. Using the modified piston with one way 
valves provides direction dependent damping a half hysteresis 
loop of viscous damper. As in Figure 4, the maximum force 
increases with increasing velocity, as expected, just for half a 
cycle only. 

 

Figure 10: Time delay of covering orifices by the flat ring 
plate. 

 

Figure 11: Force-displacement of the device that could 
have a half hysteresis loop of the viscous damper under 

sinusoidal loading with different frequencies and amplitude 
of 20 mm. 

 

Figures 10-11 also show the time delay about 0.02 seconds, or 
less, covering motion of 1mm or less. This value is similar for 
all frequencies of input loading and is thus largely velocity 
independent. Here small values are due to the low inertia and 
friction of the washers used as valves in this instantiation and 
the influence of gravity. Alternative one-way valve 
configurations could be used to minimize this delay. 

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 12. 

 

Figure 12: Scheme of the modified cylinder.  

a)

b)

c)

100 
mm 

105 
mm 
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Step-by-step representation of piston position under a 
sinusoidal input for a single quadrant hysteresis loop is shown 
in Figure 13. Only in quadrant 2 when the piston goes 
downward, does the circular ring cover the 12× Ø4.5mm 
orifices and the piston is within the narrower bare section of 
the cylinder are larger damping forces produced . At all after 
times there is minimal damping as fluid can flow through the 
larger diameter orifices or through the annular gap around the 
piston circumstance. The result is an expected single quadrant 
damping device. Reversing the piston head and/ or cylinder 
can provide damping in any given quadrant. 

More specifically, by changing the direction of the piston 
within the cylinder and the device, four shapes of single 
quadrant hysteresis loop can be achieved. Figure 14 shows 
four ways of assembling the device to capture only one 
quadrant of the hysteresis loop as an active viscous damper. 
Combining these four options provides the full hysteresis loop 
of the viscous damper. Figure 14 shows a few experimental 
hysteresis loops for each case with sinusoidal input. Figure 15 
overlays these for inputs from 0.25Hz to 2.5Hz and amplitude 
of 20mm.  

 

Figure 13: Step-by-step representation of position of the 
modified piston in the modified cylinder under a sinusoidal 

loading. 

 
 

 

   

First quadrant 
Second quadrant Third quadrant Fourth quadrant 

    

    

 
   

 

Figure 14: Four ways of assembling of the device to produce hysteresis loop in each of the four quadrants. 
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Figure 15: Force-displacement of four ways of assembling 
of the device under sinusoidal loading with range of 

frequency from 0.25Hz to 2.5Hz and amplitude of 20mm. 

The low resistive force within 3-5mm of center line is due to 
the initial piston position and the slope transition between the 

narrow and wider sections of the cylinder. The cylinder can be 
designed so that there is an overlap into the next quadrant if 
desired. It is the transition shape and location that determines 
the shape and sharpness of this drop off. Results in Hazaveh et 
al. [16] for a 2-4 device show this difference clearly. Figure 1 
also shows the device analytical equations. These equations are 
based on the linear, constant viscous damping coefficient found 
in Figure 6. The results in Figure 13 match this behaviour. 
However, as noted, the transition can vary with specific 
transition design in the cylinder. 

Experimental test results of the 2-4 configuration of the 
resettable devices in prior work [8,9] and the proposed viscous 
device in the shake table tests [16] have showed that the change 
in the force displacement loop does not cause any major issues 
for the structure. Furthermore, the transition from the low-
damping range to the high-damping range can be made more 
gradual if desired, to reduce the likelihood of any impulse 
forces being imparted into a structure. 

 

 

   

Step1 
Viscous device 

 

 

Step 2 
Modifying the 

piston 
 

Step 3 
Modifying the 

Cylinder 

 

 Figure 16: Modifying a typical viscous damper to capture a single quadrant hysteresis loop. 

CONCLUSIONS 

In this study the characteristic of a classic viscous damper are 
initially evaluated as a benchmark. This prototype viscous 
damper was then modified to achieve a passive Direction 
Dependent Dissipation (D3) device, which could add 
dissipation forces in any given quadrant of a hysteresis loop. 
Overall, this direction and displacement dependent damping 
behaviour could be used to generate a wide range of potential 
hysteresis loops that can be obtained by selecting individual 
quadrants, or parts of quadrants, where damping forces are 
produced. Therefore, the device could be tailored to provide a 
specific hysteresis loop to produce a desirable overall structural 
response. 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. The experimental prototype D3 device tests confirm 
the capability of providing this direction dependent viscous 
damping in a relatively simple passive design with relatively 
low device cost. 
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