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ABSTRACT

In this research, an Adjustable Bypass Fluid Damper (ABFD) is developed by utilizing a pair of external fluid flow
pipes and flow control valves. The flow control valves control the flow pressure of the fluid passing through
bypass pipes and adjusted the function of the fluid damper to limit the displacement of the structure within the
allowable range. Therefore, the function of the fluid damper device is adjustable according to the displacement of
the structure.

The ABFD device is developed through implementing an adjustable valve in bypass pipes that able to change
and adjust the flow and pressure of the oil inside the viscous damper during movement of piston under applied
vibrations and control the resultant damping and resistance force of the damper device. Therefore, through the
new proposed design, the action of viscous damper has been changed from passive control device to an
adjustable system which is capable to function as an device with different capacities and also able to change the
response from a damping device to a restrainer system. The analytical model of the proposed ABFD device is
developed and the performance of the device has been formulated according to the control valve position. Then
the finite volume model of the moving fluid inside the device has been developed and the function of the device
was evaluated through Computational Fluid Dynamics analysis.

In the next step, the prototype of ABFD has been fabricated and experimental tests have been conducted using
a dynamic actuator to evaluate the performance of the device in various control valve conditions.

The numerical analysis and experimental test results for the ABFD prototype revealed that the developed
device is capable of developing a wide range of damping levels and there is a desirable agreement between
numerical predictions and experimental results.

Thereafter, to examine the effect of the application of the ABFD device in the bridge structures, the proposed
ABFD device was implemented in the 19/5 California overcrossing bridge. The considered bridge equipped with
an ABFD device is modeled using the finite element method and it’s subjected to the passing vehicle loadings.
The results showed that the bridge’s response is dramatically improved with the implementation of the six ABFD
dampers and the peak displacement of the structure reduces by 35 percent while the control valves are half-open.

1. Introduction

railway bridge were utilized to assess (i) the operational life of the
critical detail, (ii) critical spots along the cross beam, and (iii) strain

Structural damages are mostly resulted from underestimating dis-
placements and the large dynamic forces applied to the structure during
their life spans [25]. Conclusive evidence shows highway bridges are
routinely subjected to larger than anticipated vehicle loads so that vi-
bration issues may shorten the useful service life of these vital structures
[30]. Given the abundance of bridge failures, many research programs
were conducted to improve the dynamic behavior of structures. Full-
scale tests and analytical evaluations on a twin 170 m long steel
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redistribution along with the riveted element during crack grow (Elisa
[1]. In this study, the importance of the effective operational life of
critical components, elements, parts, connections, or joints was high-
lighted. The function of critical details of the structure is more sensitive
since they are more vulnerable to damage during operation. These
components or parts are considered critical points whose functions of
them are vital for the stability of structure or performance of the device
and it is expected that they are the first elements to experience damage

Received 17 June 2022; Received in revised form 28 November 2022; Accepted 28 November 2022
2352-0124/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Institution of Structural Engineers. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:farzad.hejazi@uwe.ac.uk
www.sciencedirect.com/science/journal/23520124
https://www.elsevier.com/locate/structures
https://doi.org/10.1016/j.istruc.2022.11.136
https://doi.org/10.1016/j.istruc.2022.11.136
https://doi.org/10.1016/j.istruc.2022.11.136
http://crossmark.crossref.org/dialog/?doi=10.1016/j.istruc.2022.11.136&domain=pdf
http://creativecommons.org/licenses/by/4.0/

H. Farahpour and F. Hejazi

Structures 47 (2023) 1295-1322

Z
o

. |Component

Piston Shaft Connector

Piston Shaft

Piston Head

Left Chamber of the Hydraulic Cylinder
Bypass Pipes

Right Chamber of the Hydraulic Cylinder
Flow Control Valves

Hydraulic Cylinder Connector
Hydraulic Cylinder

Pressure Transducer

— O || Q[N [N || N|—

0

(a) Assembled view

0

a]

L LT \5_1 [ |
6 |
o]

T I ] - 5

0 T

(b) Section view

Fig. 1. Details of ABFD device.

or failure which leads to misfunctioning of structure or machines.

Although provisions for bridge damages as a result of traffic loads
have been defined in the bridge design procedure [14], more reliable
techniques are still required. In 2020 a thorough evaluation has been
conducted on European road bridges to verify the load model due to
vehicle traffic [13]. Thus, the effects of traffic jams have been examined
and the required safety margins or partial factors derived. The paper
demonstrates the most frequently used load model is unable to represent
the traffic action effects on the bridges.

Recently, Different types of restrainer systems and large-capacity
damping devices developed to control the complex interaction be-
tween vehicle, environment, and the structure. In between, fluid
dampers, when properly specified and designed, have served as a
structure’s primary defense to prevent catastrophic damage and costly
repairs.

The resultant damping force from fluid dampers is proportional to
the pressure difference across the piston head, expressed as a function of
the velocity of the piston [10] and these dampers can operate over an
ambient temperature ranging from — 40 °C to 70 °C [3]. In 2002, a
developed case study was reported on the seismic response of a newly
built 19/5 highway overcrossing in California that was equipped with
fluid dampers. In this case study, the bridge was decomposed into its
major sub-structural components, and the mechanical behavior of each
sub-structural element was subsequently analyzed [12].

Additionally, the variable damping dampers were proven to be
particularly appropriate for bridge structure vibration control since
heavy traffic on highway bridges is known to be a source of impact loads
that cause large vibrations. This long-term dynamic loading of the ve-
hicles can reduce the expected service life of many highway bridges.
Formerly, Patten [19] introduced the variable damping system into the
actual engineering project to mitigate the vibration of the I-35 Bridge in
America. The findings demonstrated that the semi-active variable
damper was incredibly effective in increasing the total service life of the
bridge by 35.8 years.

A pneumatic spring-oil damper with variable stiffness was used in a
three-dimensional high-rise steel frame structure subjected to seismic
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loading by Huidong Zhang and Xujia Liu [32].

The dynamic analyses have been conducted for the 10- and 20-story
structures equipped with new dampers and subjected to 5 typical ground
motions. The results showed that the length, the inner diameter, and the
initial pressure affect the structural dynamic demands and the param-
eters should be reasonably designed before engineering application.

A novel earthquake isolator system has been developed by using
magnetorheological elastomer (MRE) material and the second-order
sliding mode control has been implemented through semi-active con-
trol to mitigate the building vibration [29]. To achieve a high perfor-
mance of MRE device-based, the nonlinear properties of the device has
been developed and the field-dependent properties of the isolator
identified due to varied currents and validated through experimental
and numerical studies [30]. A shear-mode rotational MR damper with
adaptive variable stiffness and damping has been implemented in the
building structure to act as a real-time controller. The developed shear-
mode rotational MR damper (SM-RMRD) as a semi-active control device
proved to effectively control different earthquake vibrations and reduce
the story acceleration and inter-story drift [31].

A new adaptive tuned viscous damper (ATVID) is introduced and
damping properties of the ATVID-controlled were compared with the
passive controlled and uncontrolled single-degree-of-freedom structures
subjected to the variable-frequency harmonic ground excitation [20].

In another study, a series of mechanical experiments under various
excitation frequencies and amplitudes were performed by Niwa and
Kobori [18]. They obtained the curves of force-displacement hysteresis
of the variable damping dampers used to control a steel office building in
the city of Shizuoka. Eight dampers were mounted in the structure, and
the results indicate that the installed dampers could substantially in-
crease the structure’s damping and were very efficient in reducing the
steel structure’s peak response.

Li et al. [11] designed and tested another kind of adjustable fluid
damper in a 5-story steel structure. They compared the response of the
structure with and without a semi-active damper on shaking table
equipment under EL-Centro and Tianjin earthquake excitation, using the
on/off algorithms. The findings showed that the supplementary damper
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Fig. 2. The ABFD device installation position within the bridge structure.

mitigated the structural displacement and limited building movement
for all modes of vibration.

Yang et al. [26] evaluated the influence of installing a variable
damper to control dynamic responses of the structures, and the data
indicate that the efficiency relies only on the ratio of the perturbation
frequencies to the natural frequencies of structures.

A novel variable stiffness oil damper (ODVS) with a hydraulic cyl-
inder and overflow valves was developed and placed in the transverse
direction between the deck tower and the deck-pier connections [17].
The ODVS showed excellent stiffness to withstand wind and earthquake
loads. The ODVS was developed to be a low-stiffness, high-damping
damper.

The main objective of this study is to develop a new Adjustable
Bypass Fluid Damper (ABFD) device consisting of a cylinder piston, and
pair of bypass pipes with flow control valves. In this device, the flow rate
of the fluid between two chambers of the cylinder is controlled by the
opening position of the flow control valve. The valve position can be
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adjusted by the operator based on the required function of the device
according to the response of the structure.

If the valves remain closed, the fluid flow from one chamber to
another is restricted and high damping behavior is achieved. However,
to achieve a low damping response, the fluid is allowed to flow freely
through the bypass pipes in the fully open position of the valve. Finally,
an intermediate damping level can be achieved by adjusting the flow
control valves at a position between fully open and fully closed.

Thus, by adjustment of the valve position, the ABFD device functions
as an adjustable viscous damper with different force and damping ca-
pacities or as act as a restrainer device to limit movement of the bridge
deck under applied dynamic loads.

2. Development of the adjustable bypass fluid damper (ABFD)

In this research, a new Adjustable Bypass Fluid Damper (ABFD) has
been developed. Assembled view and schematic diagram of the device
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Fig. 3. ABFD primary design procedure.

are illustrated in Fig. 1 (a) and (b), respectively. The ABFD device mainly
consists of a hydraulic cylinder (part 9 in Fig. 1 (a)), a piston, and two
bypass pipes beside the cylinder (part 5). The piston comprises an end
connector (part 1), piston shaft (part 2), and piston head (part 3). The
Piston’s head is considered to be rigid and without any holes or orifices
and sealed inside the cylinder. Each bypass pipe, on the side of the
cylinder, is equipped with a flow control valve. The opening of these two
flow control valves can easily change to any position from the fully open
position to the fully closed one. The opening value of the flow control
valves changes the rate of the passing flow inside the pipes. Two pres-
sure transducers (part 10) are embedded in the device to measure the
pressure of the fluid inside the cylinder during the operation.

The ABFD device is connected to the structural members, i.e., bridge
deck and piers, through the piston shaft connector (part 1) and hydraulic
cylinder connector (part 8), respectively. This device can be installed
within the bridge structure as a diagonal or horizontal braced member,
between the bridge pier and deck as can be seen in Fig. 2 (a & b), and
functions as a supplementary structural element to control the vibration
response of the bridge structures due to vehicle traffic.
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The dynamic load can be transferred from the structural member
(bridge deck) to the piston shaft connector and push/pull the piston
shaft (part 2) to the left/right side while the hydraulic cylinder
connector (par 8) is fixed to the other structural members (bridge pier).
So, the piston head (part 3) starts to move and the volume of the left/
right chamber of the cylinder (part 4 / part 6) decreases. So, the fluid
starts to travel through bypass pipes (part 5) to the right/left chamber of
the cylinder (part 6 / part 4). The flow control valves (part 7) that are
located in the middle of each pipeline are regulated and control the fluid
flow rate passing through the pipes from one chamber to another. The
movement of fluid from a larger area (cylinder chamber) to a smaller
area (bypass line) and from a smaller area (bypass line) to a larger area
(cylinder chamber), results in the energy dissipation base on the head
loss energy phenomena.

In the ABFD device, when the valves are in their fully open states,
fluid can flow freely through the bypass pipes so the device performs the
lowest damping characteristics. In contrast, when the fluid is restricted,
valves are in the fully closed position and the ABFD device generates the
maximum resistant force.
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Table 1
ABFD Geometrical Parameters.
Cylinder Pipe
Length Diameter Thickness Length Diameter Thickness
(m) (m) (m) (m) (m) (m)
0.976 0.175 0.0125 0.8 0.015 0.0218
Table 2
Mechanical properties of the fluid.
Density (15 °C) 0.88 kg/m®
Relative Vapor Density (air = 1) >1

Viscosity 65 mm?/s@40 °C;8.6 mm?/s@100 °C
Bypass Pipe (Volume-3)
< i
Shaft
>

RN

Volume-2 Volume-1

v

<
<
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Fig. 4. The simplified diagram of the ABFD device.

3. Operational bound for the ABFD device

The design procedure of the ABDF device is demonstrated in the
flowchart depicted in Fig. 3. To define the geometrical and mechanical
properties of the hydraulic cylinder and hydraulic fluid, the availability
of material, manufacturing, and test limitations have been considered.

According to the limitation of test equipment, the maximum exci-
tation force has been considered to be equal to 300 kN with a maximum
frequency of 1 Hz.

In this study, the temperature is considered as 30°c degrees, equiv-
alent to environment temperature, for analytical prediction and also
experimental testing. However, to maintain the considered temperature
during the experimental test, enough rest time has been considered
between each cycle to avoid any heating and rising temperature during
conducting the test.

To design the hydraulic cylinder, the availability of material and
manufacturing facilities have been considered. To choose the proper
hollow steel tube, the first essential parameter is the maximum pressure
that the hollow steel tube can resist according to the material properties
and the thickness of the cylinder. The same maximum pressure has been
checked for all other parts of the device during the manufacturing
process, such as the valve, joints, and welding parts.

According to maximum force, and based on the available steel tubes,
the cross-section area and the diameter of the cylinder have been
defined, and at the same time, the length of the device has been calcu-
lated based on the required stroke of movement. The selected di-
mensions and mechanical properties of the device are listed in Tables 1
and 2.

The maximum internal pressure that applies to the cylinder during
the operation (Pgp) is assumed to be less than the maximum allowable
pressure (Prp). This condition is also applicable when operation ceases
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abruptly and a surge occurs. So, the criteria from Eq. (1), are always
assumed to be fulfilled.
PED

“ED

1
P @

To introduce the maximum and minimum damping characteristics of
the device, the operational band, firstly, the analytical model of the
device developed, and the fluid characteristics inside the cylinder and
bypass pipes have been defined during the operation of the device.

3.1. Development of the analytical model

To develop the analytical model of the ABFD device, as an early
assumption, the response of the damper is assumed to be equal to the
displacement of the piston head. A simplified diagram of the ABFD de-
vice appears in Fig. 4. Originally, the pressure on the left/right chamber
of the piston is equal. When the piston begins moving from its equilib-
rium point to the right, the pressure in volume-1 (in Fig. 4) rises due to
compression, while pressure in volume-2 decreases due to rarefaction.
The fluid then starts to flow from volume-1 to volume-2 through the
bypass pipe, volume-3. As a result, the pressure in volume-1 decreases,
and that increases the pressure in volume-2, and as long as the volume-1
pressure is greater than that in volume-2, the flow path stays the same.
When the piston head moves in the reverse direction, the pressure in
volume-2 is more than that in volume-1, and the flow in the bypass pipe
will flow reversely. As an assumption, the friction between the piston
and the cylinder is considered to be zero.

The flow rate in the bypass pipe due to the piston movement,
considering the conservation of mass in volume-1, can be given as [9]
Eq. (2):

dM3,
dt

dX

d
= Aap S~ AL =) DL

dt

(2

where A is cylinder cross-section area, p; is the fluid density in volume-
1 and %2 is the mass flow rate through the bypass pipe. L and X are
highlighted in Fig. 4. The mass flow rate can also be written due to the

volume-2 continuity equation, as Eq. (3):

dX
clpZE

dM s,
dt

d
+A,x2

=A
dt

3

where p, is fluid density in volume-2. Since the oil is considered to be
incompressible, the density of the fluid in both chambers, p;, and py,
assumed to be identical, p, and constant during the operation, dfT’g = ‘% =

0. So, the mass flow rate in bypass pipe can be written as follows:

dMy, | dX

@ cp a

4

On the other hand, the fluid mass flow entering the volume-3, bypass
pipe, can be demonstrated as Eq. (5):

dM32

dt )

VoplPAppp
where vy, is flow velocity inside the pipe and A, is the cross-section
area of the pipe. Parameter {3 is shown the position of the valves in
percentage, i.e., p equal to 75 % shows valves are 75 percent closed. The
flow velocity inside the pipe can be obtained from Egs. (4) and (5) as
follows:

A,y dX

Vpp = /}147 dr (6)

The pressure inside the bypass pipe is computed from Bernoulli’s
Equation for volume-1 and volume-3 in Fig. 4.

VZ
==t )
P8

2g
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Fig. 5. Fluid pressure in the bypass pipes according to p, valve closing position.

where vy, v3 and ps, p3 are fluid velocity and pressure in volume-1 and
volume-3, respectively. While evaluating the fluid flow, the effect of the
boundary of the cylinder has not been considered. Parameter g is the
gravity acceleration and when the damper is installed horizontally, z; =
z3. Total flow head loss, hy, which is the essential parameter in providing
damping of the device is divided into the major head loss and the minor
head loss and can be demonstrated as:

N—Nimajor + Niminor ®

The minor and major head loss parameters consider the pressure
drops due to viscous effects caused by an elbow and valve and are
calculated through Egs. (9) and (10).

2

hLminor = kngp (9)
Ly, Vppz
or = 72 222 1
Pimai D,, 28 an

where Ky, is a minor head loss coefficient and is equal to 0.5 for the
Sharp-Edged entrance of the pipe, [2].where f is Friction Factor, Ly, is
pipe length, Dy, shows pipe internal diameter. By computing the

pressure inside the bypass pipe the total pressure drop can be obtained.
The friction factor value according to geometrical parameters is given by
the Blasius equation (Avci and Karagoz, 2019). The damping coefficient
of the damper device is demonstrated as Eq. (11):

PAY
C — Cl
B

(K + K] vy an

174

where Ky = ’%, and K; is the loss coefficient due to entry pressure loss
and can be defined through Eq. (12) for volume-1 and volume-2:

|

The calculated pressure using Eq. (12), for volume-2 and volume-3
according to the valve position is presented in Fig. 5.

As it can be seen from this graph, when the valves begin to close from
the fully open condition, the upstream pressure inside the bypass pipe
starts to rise. Whereas the pressure the downstream, after valves, drops.
When p increases more than 75 % and the valves open 25 percent or less,
the slope of the curve increases dramatically. Therefore, it can be
concluded that the ABFD device performance is more sensitive to the

2
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Fig. 6. Numerically predicted damping coefficient of the ABFD device according to the valve position.
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Fig. 7. Numerically predicted damping force of the ABFD device according to valve state.
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Fig. 8. The simplified diagram of the double-side shaft piston.

valve position when § is bigger than 75 %. Accordingly, the damping
coefficient parameter changes with f are calculated from Eq. (11) and
are depicted in Fig. 6.

The variation of the damping coefficient can be extracted from the
graph as Eq. (13).

C = —0.0014° +0.43824> — 352148 + 15.185 13)

N
o
[«=}

Thus, the numerical computations predict the damping coefficient of
the ABFD damper is raised with the increase of the p, i.e., closing the
valves. When the valve is almost closed, p > 75 % damper function
changes from the damper to a restrainer, so the damping coefficient
drops to zero for the fully closed valve. Finally, the damping force of the
damper can be calculated from the pressure differences between
chambers 1 and 2 as Eq. (14). This Equation can be extended to calculate

——pB=75%
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Fig. 9. Force-displacement prediction for p = 75 %.
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Fig. 10. Force-displacement prediction for f = 50 %.

Table 3
ABFD device working range.

Maximum Allowable Internal Pressure (Pgp) 4000 Psi (27.58 MPa)

Minimum / Maximum Excitation Velocity (mm/s) 0.03/0.07
Minimum / Maximum Damping Coefficient (N.s/mm) 16.5/1809
Minimum / Maximum Damping Force (kN) 0/105

the resistant force of the device for Beta higher than 75 % which affects
the pressure differences between two chambers.
Fpamping = (Acl)z o (p2—p1) +Asin @ P2 14

where Agpafe is the occupied cross-section area by the shaft. So, the
adjustable damping force of the ABFD device is numerically predicted

and depicted in Fig. 7. This graph estimates the damping performance of
the device is increasing with closing the valve.

As can be seen in Fig. 8 since the shaft core occupied a considerable
volume in chamber 2 of the hydraulic cylinder, the section areas of
chamber 2 are much smaller than the section area in chamber 1,
therefore, this difference is led to have different volume of oil to flow
during pulling and pushing which caused the asymmetric force-
—displacement results. However, to avoid this issue, a double side shaft
piston can be used to have the same flow amount on both sides which
resulted in symmetric force-displacement action in pulling and pushing.

The equation corresponding to the asymmetric condition of the de-
vice has been implemented and the new force-displacement graphs have
been plotted in Figs. 9 & 10 for  equals 50 % and 75 %.

By the use of calculated data from the analytical model, the testing
equipment and hydraulic jack limitations, the upper and lower

400.00 (rarn)
]

100.00

300.00

Fig. 11. The applied mesh and boundary conditions in the CFD model.
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Fig. 12. Mesh sensitivity and convergency analysis for finite element model.

operational limit, the geometry, boundary condition and the material
specifications of the ABFD device can be introduced. These data are
summarized in Table3.

3.2. Development of the finite volume model

During the operation, the fluid flows inside the hydraulic cylinder
and bypass pipes according to the movement of the piston head. The
piston head divides the hydraulic cylinder into two separate chambers.
The length of these chambers changes due to the piston head movement.
Therefore, the size of the fluid domain varies as the piston head moves.
So, the flow equations are functions of time and solutions are inherently
unsteady. To develop the finite volume model of the fluid flow inside the
damper, the dynamic mesh technique is utilized and the Layering
method was applied to shift elements boundaries and change the mesh
configuration with time appropriately.

In this method, cells were inserted or removed, and internal node
positions were determined automatically based on boundary motion,
cell size, and predefined mesh structure. An unsteady solver was set up
for the dynamic mesh configuration. Since the head of the piston moves
during the operation and pushes the oil, a moving domain with moving
boundaries has been implemented to simulate the device. [6 16].

At each time step, the new position of the piston head is computed.
Then the dynamic mesh model updates the grid and the unsteady flow
field is integrated to calculate the flow velocity and pressure. The piston
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motion of 30 mm with a velocity of 25, 30, and 45 mm/s was considered
and applied in two different load steps in the positive and negative Y
direction (Fig. 11). To determine piston head displacements, two mov-
ing walls have been considered and defined in dynamic mesh zones
using UDF codes. The inner surface of the cylinder is fixed to the wall
and the area inside the damper is covered by the fluid for flow analysis.
The moving walls, moving fluid domain, applied mesh, and boundary
conditions are illustrated in Fig. 11.

Ansys workbench 2019 R1 has been utilized for the flow simulation
presented in this study. Changing of p parameter is applied in the pre-
processing step by changing the geometry at the valve position in the
bypass pipe. For instance, Beta equal to 75 % is modeled by decreasing
the area to 75 percent of the bypass pipe area. The combination of
1,928,080 Hexahedron and Tetrahedron elements was used to simulate
the damper device.

The mesh independence study also has been conducted for all sim-
ulations. The results for mesh sensitivity analysis (Fig. 12) revealed that
increasing the number of elements from 1,343,836 to 1,637,910 by
using fine mesh, affected the results for velocity and pressure inside the
fluid domain. However, for higher mesh resolution, when the number of
elements is more than 1,928,080, the analysis outcomes are stable and
independent of the number of elements.

Also, as shown in Fig. 12, the result for monitoring of convergency
indicated that the convergency of the analysis has been achieved
through 400 iterations. Also, to monitor the convergency procedure, two
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Fig. 13. Simulating valve opening state at p = 50 %.

main parameters inside the cylinder as maximum velocity and
maximum pressure have been defined and monitored as shown in the
plots. As it can be seen in the graphs, all considered parameters are
getting stable in 400 iterations to converge the analysis procedure.

The integral form of the conservation equation for a general scalar, ¢,
on an arbitrary control volume V, whose boundary is moving, can be
written as Eq. (15).

d
& fpoav+ [ po(a-@)ad - [
dtfy v

av
where p is the fluid density, V' is the flow velocity vector, U is the mesh
velocity of the moving mesh, I"is the diffusion coefficient, and S is the
source term of ¢. While 0V is used to determine the boundary of the
control volume V. The time derivative term in Eq. (16) can be written,
using a first-order backward difference formula, as follows [4].

d 7 (pgv)n-%—l _ (p@V)"
E/‘,pgdv T A

[V@dA + / SpdV 15)
14

(16)

Velocity
velocity

0.858
0.810
0.763
0.715
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where n and n + 1 denote the respective quantity at the current and next
time levels. The (n + 1) the time level volume V n + 1 is computed from:

yrt = yn +d—VAt
dt

a7)
where dV/dt is the volume-time derivative of the control volume. The
volume-time derivative of the control volume is calculated as Eq. (18) to
fulfill the mesh conservation law.

ny
= [medd =Y o a8
dt v

J

where n¢is the number of faces on the control volume, and A; is the j face
area vector. The dot product ug.A; on each control volume face is
calculated from:
_rY

e

N
Uy ®A;

S At a

where pVj is the volume swept out by the control volume face j over the
time step At.

In the case of the sliding mesh, the motion of moving zones is tracked
relative to the stationary frame. Thus, to simplify the flux transfers
across the interfaces, no moving frames are attached to the computa-
tional domain. In the sliding mesh formulation, the control volume stays
constant, so from Eq. (17), dV/dt and V ;1 = V;,. Eq. (18) can now be
expressed as follows:

[(p2)""" — (p2)" ]V
At

av =
a),/?

(20)

The well-known Navier-Stokes’s equations are used for modeling the
incompressible turbulent flow inside the ABFD device. The Navier—
Stokes’s equation Continuity and Momentum equations are determined
as follows, respectively.

%—lt]+(U0V) oU+VP:%(V2U) (22)

In addition, different p values, valve opening states, are modeled by
changing the cross-section area of the bypass pipe beneath the valve as
shown in Fig. 13.

0.238
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0.000
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Fig. 14. Velocity contour at valve position in bypass pipes of the ABFD device.
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Fig. 15. Velocity streamline contour at valve position in bypass pipes of the ABFD device.
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Fig. 16. Velocity streamline contour in the ABFD device during operation.

3.3. Finite volume analysis results for ABFD

Finite volume resultant data include velocity and pressure contours
and graphs are presented in this section. Velocity contour at valve po-
sition in bypass pipes is illustrated in Fig. 14.

This contour is revealing the rising velocity of the fluid flow when the
pipe cross-section area decreases as a result of the closing valve. In this
case, the valve area is functioning like a nozzle-diffuser system and in-
creases the flow velocity while reducing the flow pressure. The flow
streamlines in Fig. 15 also show not only the fluid speed up downstream
but also there is flow separation phenomena at the valve area. The
generated wakes due to the boundary layer separation can be amended
by the proper design of the valve-pipe joint area. Otherwise, the pro-
duced eddies and vortices will result in an adverse pressure gradient and
lower efficiency.

Depicted velocity streamlines in Fig. 16 in the hydraulic cylinder
show the flow behavior during piston movement. As can be seen in this
contour, the piston head is moving from left to right; so, while the
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volume of the left chamber is decreasing, the fluid flows from the left
chamber towards the right chamber. The pattern of the streamlines
shows the wakes and separation of the boundary layer in the right
chamber, where the volume is increasing and the pressure drops. The
pressure contour is demonstrated in Fig. 17 and reveals the pressure
variations of the fluid flow when the valve is closed. In this figure, the
pressure from the left side, upstream, to the right side, downstream
decreases.

The patterns of the velocity and pressure variations are depicted in
Fig. 18. The graph shows by closing the valves, at flow downstream, the
velocity increases, and the pressure drops. During the operation, it is
necessary to keep the pressure of the fluid above the fluid saturation
pressure. The arrangement of the system is required to be set so that
piston can complete its action without causing a vacuum in different
chambers of the cylinder. The valve position and initial pressure inside
the cylinder are the main parameters that should be considered in the
procedure design. The velocity and pressure are varying smoothly while
the valve is open more than 25 % percent but for the p bigger than 75 %,
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Fig. 17. Fluid flow pressure at valve position in bypass pipes of the ABFD.

the flow characteristics vary significantly with any changes in valve
position. Therefore, this pattern proves that a very accurate control
procedure is required to regulate damper parameters in this range.

4. Fabrication of the prototype and experimental data

The piston head and piston shaft are illustrated in Fig. 19 (a) and (b),
respectively. As it can be seen in this figure, the piston head is made from
rigid steel plates with no orifice holes. The piston head is sealed thor-
oughly inside the hydraulic cylinder by the use of seal wires, Fig. 20 (a).
The thread at the piston head-shaft joint has been designed so that it can
resist 300 kN applied force, Fig. 20 (b).

Besides, parallel threads are provided with O-ring seals to make
proper sealing against leakage to the outside on different parts of a
hydraulic cylinder. The material used in sealing is specified with good
sealing properties and proper resistance against the hydraulic fluid. All
the fabrication procedure has been made based on the design geomet-
rical parameters in Table 1. The bypass pipe thickness is shown in
Fig. 21.

The hydraulic cylinder and the fabricated ABFD device are shown in
Fig. 22 (a) and (b), respectively. The hydraulic circuit of the ABFD de-
vice was designed based on the variable fluid viscous damper studied by
Symans and Constantinou [21] and it is shown in Fig. 23.

This circuit consists of two manual flow control valves which are
installed in the middle of the bypass pipes. So, the amount of fluid
passing through the external path is determined by the opening state of
the flow control valves. The bypass pipes have been built through dril-
ling cylinder and connecting routes on each side of the cylindrical cas-
ing. The flow control valves can persist to a maximum pressure of 345
bar (5000 Psi) and adjust the device’s function from a damper when the
valve is in the fully open position to a restrainer when the valve is fully
closed.

To evaluate the performance of the prototype, several experimental
tests including an incremental cyclic test and cyclic load frequency test
have been conducted. For this purpose, an experimental test setup was
fabricated and installed on the strong floor of the structural laboratory.
The test setup is illustrated in Fig. 24. It can be seen that the setup is
constructed from four main parts. Parts 1 and 2 show the back support
and uplift restrainer for the dynamic actuator respectively, which hold
the actuator in a fixed horizontal and vertical position. Parts 3 and 4
have the same function of holding the prototypes. However, part 4
contains an additional connection hinge to which the prototype is
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attached to it.

For the experiments, an electro-hydraulic actuator was used to
implement a saw-tooth displacement pattern. The performance mea-
surements of dampers were conducted based on the relationship of
force-velocity-displacement and the comparison of the maximum ve-
locity damping force with the assumed design value (JSSI [8]. The
actuator is connected to the PLC control panel and data acquisition
system through displacement LVDT sensors embedded in the test set-up.
The schematic diagram of the test setup is shown in Fig. 25.

Also, to evaluate dampers, three or more cycles of loading were
applied at a predefined condition 78uuu [22]. The fabricated ABFD
prototype and the experimental test setup are illustrated in Fig. 26. The
cyclic incremental displacements, according to Table 4 have been
applied to the end joint plate of the piston of the ABFD device by the
mean of the dynamic hydraulic actuator with 300kN load capacity.

4.1. Incremental cyclic test results

There were a series of experimental tests running over frequencies of
0.5, 0.75, and 1 Hz, and peak velocities of 30, 50, and 70 mm/s to
evaluate the performance of the ABFD damper (Table 4). The frequency
and the velocity of the applied force have been chosen according to the
testing facilities operating range and capacity. The facilities in the
structural laboratory of the University Putra Malaysia are designed to
operate in a range of 0.5 Hz to 1 Hz since most structures are performing
within this frequency range, therefore usually structural damper devices
are tested in this range of frequency (JSSI, 2003).

The resultant experimental force-displacement hysteresis loops
when the ABFD device is subjected to the 30 mm dynamic stroke
displacement, push and pull, for different p values, 0, 50 %, 75 %, 87.5
%, and 100 % are depicted in Fig. 27 to Fig. 31, respectively. These
results revealed that the change of the valve state regulates the perfor-
mance of the ABFD from a passive fluid damper to a restrainer behavior.
Fig. 27 demonstrated the ABFD device behavior when the valves are
fully open. In this case, the device functions like a passive viscous
damper and the damping force result from the friction. The maximum
damping force in this valve state is about 1 kN which performs the
minimum damping ratio and stiffness.

When the valves are half-closed, the maximum damping force rises to
17 kN, these data are demonstrated in Fig. 28. The value of maximum
damping force increases again up to 120 kN with closing the valve to the
state of p = 75 % in Fig. 29.
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Fig. 18. Velocity and pressure variations in the pipe according to the valve position.

(a) Piston head

(b) Piston shaft

Fig. 19. Fabrication of the ABFD device.
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(b) Piston head-shaft joint

Fig. 20. Fabrication of the ABFD device.
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Fig. 21. Fabrication of the bypass pipes.

During experimental tests, it is noticed that small movements and
shakings in the joints, hinges and connections were affected the stability
of the results. Also, the tests have been conducted in low speed to control
the temperature rise inside the cylinder but when the maximum dis-
placements apply to the cylinder the temperature increases and cause
some instability in the response loop.

When more than 25 % of the valves are closed, the device starts to
function like a restrainer instead of a damper. In Fig. 30, it can be seen
that the area inside the hysteresis loop decreases in comparison with the
graph at p = 75 %. Then the device begins to resist the applied load and
the oil pressure starts to increase dramatically. Therefore, the maximum
applied load when § is greater than 75 % is not only limited by the device
resistance force but also through the safety pressure control of the hy-
draulic circuit. So, the maximum load in Fig. 30 and Fig. 31 is limited to
100 kN and 80 kN, respectively. With the same pattern, the damping
characteristics of the device significantly reduced for p = 100 %, when
the valves are closed in Fig. 31.

Experimental tests revealed that when the applied displacement
changes from 30 mm to 50 mm and 70 mm, the performance of the
device follows the same pattern but the maximum damping load
increases.

The resultant data for 50- and 70-mm displacement is depicted in
Fig. 32 and shows that the maximum damping force increased up to 50
and 120 kN, respectively. Which is about 17 kN when 30 mm
displacement is applied to the device (Fig. 28).

The resultant stiffness of the ABFD device from the experimental
tests is depicted in Fig. 33. Results show that the stiffness values raise
with closing the valve. This device can generate a damping coefficient in
a continuous range between 16.5 and 2203 Ns/mm. Resultant experi-
mental data including stiffness, damping coefficient, and damping
exponent are summarized in Table 5.

To compute the effective stiffness and damping of the device for
various B values, using the hysteresis response graph, the effective
stiffness (keq) is determined through the slope of the straight line from
the point of (maximum load, maximum displacement) to the point of
(minimum load, minimum displacement). [24]

key = i— (23)

Whereas, effective damping is calculated by equating the energy
absorption by the hysteretic steady-state cyclic response at a given
displacement level, as expressed by [15]:

C= 24)

where Ah is the area of a complete cycle of force-displacement response
and Fm and Am are the maximum force and the displacement that
occurred in the complete cycle respectively. The parameters to calculate
effective damping is demonstrated in Fig. 34.

4.2. Cyclic load frequency test results

The experimental test has been repeated for 0.5,0.75, and 1 Hz
different excitation frequencies, and the performance of the device was
measured for different loading conditions. Fig. 35 shows ABFD device
hysteresis loops under various excitation frequencies. The results of the
load-frequency test have been summarized in Table 6. As it can be seen
in the tabular data, the resultant damping force is increased when the
frequency of imposed load raises. Thus, when the applied frequency is
increased from 0.5 HZ to 0.75, and 1 HZ, the damping coefficient also
increases about 1.89 and 3.37 times from 816 to 1540 and 2750 N.s/
mm, respectively.

4.3. Validation of numerical result with experimental test

To validate the numerical results with experimental outcomes, firstly
the pressure data of the fluid inside the hydraulic cylinder from all three
methods, analytical calculations, finite volume simulation, and
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(a) Hydraulic Cylinder (b) ABFD prototype

Fig. 22. Fabrication of the ABFD device.
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Fig. 23. The hydraulic circuit of the ABFD device.
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Fig. 24. Experimental test set-up.
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Fig. 25. Schematic diagram of ABFD experimental test set-up.
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Fig. 26. Experimental test setup and the ABFD device installation.

experimental tests, have been compared. This comparison is demon-

Table 4 strated in Fig. 36. The results extracted from all these three approaches
Excitation loads applied during experimental tests. with a very close agreement show the pressure inside the cylinder varies
Maximum Load (kN) 300 gradually when p is smaller than 75 % and then the slope of the pressure-
Frequency (Hz) 0.5/0.75/1 B is increasing dramatically. So, these data were used to compute the
Velocity (mm/s) 25/33/50 overall damping characteristics of the damper, as is seen in Fig. 37 and
Displacement (mm) +30/ £50/ £70 Fig. 38. The computed data include the damping coefficient and

damping force of the device. In the finite volume analysis, the perfect
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Fig. 27. ABFD hysteresis loop at fully open valves (p = 0).
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Fig. 33. ABFD stiffness variations according to the different valve positions.
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Table 5
Adjustable damping characteristics of the ABFD device.
B (%) 0 50 75 87.5 100
C (N.s/mm) 16.5 816 1666 2203 0
K (N/mm) 33 833 2000 3333 25,000
g
£
&

Displacement (mm)

Fig. 34. Parameters to calculate effective damping.

material model of oil and also smooth surface are considered. Also, the
friction between hinges and other parts of the device is not fully
considered. But in the experimental test, the viscosity of oil may a little
change, while surface frictions, hinges frictions, and other parts such as
pipe connections may lead to having higher pressure for the fluid during
the functioning of the device and accordingly less damping performance
in comparison to analytical analysis.

The variation of the damping coefficient according to the p is shown
in Fig. 37. In these graphs, the experimental data are compared with the
predicted data from the formulated analytical model. This comparison
reveals that for valve closing of more than 75 % percent, > 75%, the
overall behavior of the ABFD device changes from damper to the

Structures 47 (2023) 1295-1322

4.4. Comparison of ABFD device with similar Restrainer/Damping
systems

To validate the superiority of the proposed method, performance of
ABFD device has been compared to the Volumetric Compression
Restrainer (VCR) device which is implementing in structures as rubber
restrainer [7].

The force-displacement curves for VCR devices have been illustrated
in Fig. 39-a for rubber cubes with and without holes. The force for the
rubber restrainer device can be only change only through adding holes
in the rubber tubes (to reduce rubber section area) and also changing
size of device and rubber tubes. The hysteresis response of ABFD device
in various valve positions also showed in Fig. 39-b. To make proper
comparison, the resistant forces for both devices are adjusted to 100kN.
As it can be seen in these graphs, performance of VCR device is constant
and only able to slightly change the behaviour from restrainer device to
damping system (with very low damping) by adding holes in the rubber
section. However, performance of ABFD device can be easily change
through shifting the valve position to alter action of device from fully
restrainer system (p = 100 %) to fully damping device with various
damping properties. By consider of both device dimensions to generate
resistant force in range of 300kN as benchmark, it is revealed that, the
cost of fabrication for both devices are almost same since steel is the
main material for building them.

Therefore, through specific design calculation, it is possible to
specify dimension of device to generate expected resistant force, how-
ever, mostly it is required to change performance of device according to
changing applied loads to the structure or altering function and per-
formance level of building. In this case, most of restrainer systems such
as rubber restrainer device are not able to accommodate with applied
changes and it causes lots of cost and construction work to change all

Table 6
Cyclic Load Frequency Test Results.

Max Displacement Frequency Max Damping Damping Coefficient
restrainer. So, the accuracy of the analytical model prediction is desir- (mm) (H2) Load (kN) (N.s/mm)
able for the p values below 75 %. The same pattern can be seen in Fig. 38 0 os 17 516
for the damping force experimental and numerical data. 50 075 23 1540
50 1 50 2750
= = -1Hz, =50 <<+ 0.75 Hz, p=50 0.5 Hz, B=50
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Fig. 35. ABFD stiffness variations according to the different valve positions.
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Fig. 37. ABFD Damping coefficient, experimental and numerical data.

devices. However, for ABFD device, only by adjusting control valve, it is
possible to adjust action of device according to expected damping/
resistant force to diminish effect of imposed excitations.

Therefore, the ABFD device not only can act as a restrainer but also
can be regulated to function as a damper device with different capacities
by a simple manual control.

Also, as it can be seen in the results, VCR device is able to accom-
modate a short range of displacements (20 mm to 30 mm), since it is
function is depend on hardness of rubber, length of rubber tubes, and
holes dimensions, however ABFD device is able to function in very
extensive range of movement amplitudes due to its adjustable action to
flow oil between two chambers in the cylinder.

5. Development of finite element program for modeling and
analysis of the 91/5 overcrossing bridge structure equipped with
ABFD device

The 91/5 overcrossing bridge, shown in Fig. 40 (a), located in Or-
ange County in southern California, was considered in this study to
implement the ABFD device to the structure of the bridge and evaluate
the effect of the damper device on the overall response of bridge
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subjected to applied loads. The bridge deck is supported at mid-span by a
pre-stressed outrigger beam and is furnished with ABFD dampers. A
finite element model of the bridge was performed by utilizing the di-
mensions highlighted in Fig. 40 (b). The bridge’s length is considered to
be equal to 117 m, and the support beam is located at the mid-span of the
bridge [12]. The structure is modeled with different boundary condi-
tions, including a bare structure, two, and four dampers installed be-
tween the pier and the deck (Fig. 40 (c)).

The bridge is considered to be constructed from concrete grade C40
with Compressive Strength of 42.5 MPa, Young’s modulus of 33.2 GPa,
and Poisson’s Ratio (v) of 0.2.

An HS20 traffic load from the ASSHTO standard code has been
applied to the bridge which is considered maximum traffic loading of 32
(kN/m) per lane. The traffic load is assumed to travel along the bridge
with a max allowable vehicle speed of 65 mile/h based on the US
department of transportation, the National Highway Traffic Safety
Administration [23], and ASSHTO HS20 (American Association of State
Highway and Transportation Officials).

As it is shown in Fig. 41, the bridge is divided into separate sections
that are exposed to the weight of the vehicle in a different time step in
addition to the weight of the structure. Solid 186 Element has been used
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(a) Finite element model of the bridge
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(b) Bridge dimensions and characteristics.

(c)Finite element model of the bridge equipped with four ABFD dampers.

Fig. 40. Finite element model of 91/5 overcrossing in southern California.

to model the concrete sections of the bridge. The force has been applied
to one section of the bridge deck at each time step. Mesh independency
evaluation has been conducted and the results are shown in the
following graphs.

The validation of the finite element model has been done through a
comparison of the analysis results with the output of a published paper
by Markis and Zhang [33]. They have done a thorough study on the
effectiveness of installed fluid dampers in the same bridge (19/5 over-
crossing, California).

The Damper has been placed between the bridge deck and the pier of
the bridge and has been modeled using the spring-dashpot element refer
to Maxwell model.

To conduct the validation, component 164 of the Pacoima Dam
Earthquake has been applied to the finite element model and a transient
analysis has been done and the drift of the column of the bridge has been
calculated and compared. the results show a very good agreement be-
tween the finite element model and the results of the former study. The

results are demonstrated in Figs. 42 and 43.

To obtain reliable results for the finite element analysis, a precious
mesh independency study has been carried out. Figs. 44 and 45 show the
effect of element configuration including Hexahydrone and Tetrahy-
drone elements, on the stress and deflection of the bare bridge structure
under traffic loads. Fig. 46 demonstrates that the element size of less
than 200 mm provides reliable simulation results for the assumed bridge
and loading configuration.

6. Results and discussion

The response of the bare bridge in comparison with a bridge equip-
ped with 2 and 4 dampers while dampers regulated on p from 0 to 75
percent is demonstrated when a 19/5 concrete bridge structure is
exposed to the transient force from HS20 ASSHTO traffic loads. The total
deformation of the bare bridge and bridge equipped with 2 and 4
dampers is represented in Fig. 47 (a), (b), and (c). The finite element
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Fig. 41. Transient force configuration applied to the bridge.
Type: Directional Deformation(Z Axis)
Unit: mm
0.49981 Max
034491
019002
0.035119
-0.11978
-0.27468
-0.42957
-0.58447 E
-0.73937 X‘\L' 2
-0.89427 Min
0 25 D4 Se1 04 (mm)
ol et

Fig. 42. Deformation result of 91/5 bridge, California subjected to Pacoima Dam Earthquake records (1971 San Fernando, California).
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Fig. 43. Drift time histories result for of the north column of 91/5 bridge, California subjected to Pacoima Dam Earthquake record (1971 San Fernando, California).
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Fig. 46. Mesh independency study, stress versus element size.

analysis of the bridge shows adding 2 ABFD dampers mitigate the total
deformation of the bare structure by 18 % (Fig. 46(b)). While an
increasing number of dampers to 4 dampers improves the total defor-
mation of the bridge by 29 % (Fig. 47(c)).

The bridge midspan displacement values are charted in Fig. 48 and
show implementing two ABFD devices can mitigate the response of the
bridge during loading time steps by up to 29 %.

The reaction force of the piers and abutment of the bridge equipped
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with 2 dampers are calculated and depicted in Figs. 49 and 50, respec-
tively, and show by the mean of 2 sets of ABFD dampers the reaction
force at the piers has been decreased up to 12.6 percent and at the
abutment, it would be up to 11.3 percent.

For a better understanding of the effectiveness of the damper on
mitigating midspan displacement, normalized displacement for struc-
ture equipped with 4 dampers is calculated and demonstrated in Fig. 51.
To compute the normalized displacement, all the resultant
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(c) Total deflection of the bridge equipped with 4 dampers, p=50%

Fig. 47. Bridge total deformation after applying 2 and 4 sets of ABFD dampers, f = 50 %.
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Fig. 48. Midspan displacement of the bridge equipped with two sets of ABFD dampers in comparison with Bare structure.
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Table 7
The effectiveness of the ABFD device for reducing the bridge structure dynamic
response.
B Reduction Percentage
2 Dampers 4 Dampers
Midspan Displacement 0 15 % 20 %
50 22 % 29 %
75 29 % 31%
Piers Force Reaction 0 6.3 % 9 %
50 10.4 % 12.5%
75 12.6 % 179 %
Abutment Force Reaction 0 5.15 6.2 %
50 9.27 % 12 %
75 11.3% 16.2 %

displacements are divided and compared with the maximum midspan
displacement of the bare structure. So, normalized displacement is a
dimensionless parameter and is clearly showing that when the bridge is
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equipped with the dampers, midspan displacement is enhanced up to 31
% (Fig. 51).

The same approach for reaction force of the piers of the bridge
equipped with 4 dampers is considered. Thus, normalized force is
introduced as a dimensionless parameter to make the comparison step
clear. This parameter also is computed by dividing all the resultant re-
action force data by the maximum reaction force of the bare bridge. The
normalized parameter for the reaction force of the pier is illustrated in
Fig. 52. This graph demonstrated that by the mean of 4 ABFD dampers
the reaction forces in the piers are decreased up to 17.9 percent.

The displacement of the bare structure is compared with the struc-
ture equipped with two and four dampers at p = 50 %, when valves are
half-closed, to compare the damper effectiveness in the bridge. The re-
sults are depicted in Fig. 53. This graph demonstrates the normalized
displacement versus time steps during the traffic load passing over the
bridge. In conclusion, the installation of four dampers can reduce the
bridge’s maximum displacement by up to 31 percent.

The investigated results of the effectiveness of the ABFD device on
the bridge structure under applied dynamic loads are summarized in
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Table 7. These outcomes show that utilizing the ABFD device as a
damper can reduce the overall structure displacement by up to 31 %.

Therefore, additional damping or restrainer system is required to
control the large displacement and dissipate bridge vibrations. Based on
prior studies available in the literature, the application of viscous
damper in the bride has effectively reduced the vibration effect on the
bridge under applied catastrophic loads and successfully protects the
rubber bearing against excessive displacement by limiting the large
displacement .

7. Conclusion

In the current study, a new Adjustable Bypass Fluid Damper (ABFD)
is developed to implement in the bridge structures between the pier and
deck. This device functions to dissipate dynamic energy from the passing
vehicles and increase the operational life of the bridge.

To develop the adjustable damper device, firstly, the desirable
maximum and minimum damping characteristics have been defined
through the primary design procedure. These maximum and minimum
damping parameter forms the operational range of the device and have
been determined numerically. Afterward, to develop the adjustable
performance of the device within the operational bound, an analytical
model has been developed and the performance of the device has been
formulated based on the opening state of the flow control valve and the
pressure of the fluid flow inside the hydraulic cylinder. A finite volume
model also has been developed to evaluate the fluid behavior during the
operation and the effect of the flow control valve on the velocity and
pressure of the fluid. To validate the numerical results, the prototype of
the ABFD device has been fabricated and cyclic incremental displace-
ment and load—frequency tests have been conducted using a dynamic
actuator. The results indicate the ABFD device generates damping force
and dissipates vibration energy successfully. Also, the results revealed a
promising agreement between the data from the finite volume, analyt-
ical analysis, and experimental tests.

In the next step, the numerical model for the ABFD device was
derived and implemented to develop the finite element code for dy-
namic analysis of a bridge structure equipped with a supplementary
ABFD device. The response of a bridge’s bare structure was compared
with the structures equipped with two and four dampers. Resultant data
show that the adjustable bypass fluid damper is capable to develop a
wide range of damping levels between an upper and lower bound, and
the response of the structure with no dampers (bare structure) is
dramatically improved with the addition of the damper system. Results
demonstrate that the maximum displacement of the structure can be
reduced by as much as 31 percent, by the use of 4 sets of ABFD damper
devices.

According to the obtained results, implementing of the automatic
servo valves instead of the manual valves able to provide an automatic
real-time control on the bridge vibration which proposed as future study
to improve function of the semi-active damper device according to the
applied load to effectively dissipate applied vibration.
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