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magnetorheological inner mass single
unit impact dampers

Aref Afsharfard and Anooshiravan Farshidianfar

Abstract

In this article, ongoing studies to apply semi-active control devices to reduce undesired vibrations of civil engineering
structures are investigated. In doing so, the barrier of the nonlinear inner mass single unit impact dampers is equipped
by the magnetorheological fluid dampers. For convenience, this kind of impact dampers is briefly named smart impact
dampers. Dynamic behavior of a vibratory system equipped with the smart impact damper is modeled based on the
modified Bouc—Wen model for the magnetorheological damper. Performance of the smart impact damper to suppress
free vibration of an Euler—Bernoulli beam is investigated. Furthermore, effects of varying applied current to the magne-
torheological fluid damper on vibratory behavior of the beam are illustrated in user-oriented charts. The analysis results
show that the smart impact dampers with optimal parameters can suppress undesired vibrations much better than con-

ventional impact damper systems.
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Introduction

Passive control devices, including base isolation, fric-
tion dampers, viscous fluid dampers, impact dampers,
tuned mass dampers, and tuned liquid dampers, are
accepted means for mitigating the effects of dynamic
loadings (Soong and Spencer, 2002). Kwon et al.
(1998) investigated the application of tuned mass dam-
pers to control bridge vibration under moving loads.
Marivani and Hamed (2009) presented a nonlinear,
two-dimensional model to investigate the response of a
structure equipped with a tuned liquid damper. An
inner mass single unit impact damper (or simply
“impact damper”) is a small loose mass within a main
mass. These systems can be extensively applied to
attenuate the undesirable vibration of robot arms, tur-
bine blades, and so on (Dimentberg and Iourtchenko,
2004; Zhang and Angeles, 2005). It is shown that in the
neighborhood of the first and second resonances, the
impact dampers would operate more efficiently than
classical dampers (Blazejczyk-Okolewska, 2001). In the
past few years, behavior of impact dampers has been
investigated experimentally, analytically, and numeri-
cally (Afsharfard and Farshidianfar, 2012a, 2012b;
Cheng and Wang, 2003; Cheng and Xu, 2006). Son
et al. (2010) proposed active momentum exchange
impact dampers to suppress the first large peak value

of the acceleration response due to a shock load. Bapat
and Sankar (1985) showed that the coefficient of resti-
tution has a great effect on the performance of impact
dampers. They demonstrated that in the case of single
unit impact dampers, optimized parameters at reso-
nance are not necessarily optimal at other frequencies.
Cheng and Xu (2006) obtained a relation between coef-
ficient of restitution and impact damping ratio. They
showed that optimal initial displacement is a monotoni-
cally increasing function of damping.

Although the impact damper has been investigated
for a longtime, there are still several shortcomings in
this area of research that should be noted. Like other
passive devices, impact dampers have the limitation of
not being capable of adapting to varying usage patterns
and loading conditions. The effects of using semi-active
impact dampers are one of the important aspects, which
need to be further investigated. The main thrust of this
article lies in this subject.
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The magnetorheological (MR) fluids are suspensions
that exhibit a rapid, reversible, and tunable transition
from a free-flowing state to a semi-solid state upon the
application of an external magnetic field (Wang and
Liao, 2011). Applications of MR fluids in mechanical
systems have been extensively investigated. The reason
for this interest lies in the fact that MR fluids can pro-
vide a simple and rapid response interface between elec-
tronic controls and mechanical systems (Kordonsky,
1993). Wang et al. (2005) investigated vibratory beha-
vior of tall building structures equipped with a semi-
active tuned liquid damper with the MR fluids (magne-
torheological tuned liquid column damper (MR-
TLCD)). They showed that the MR-TLCDs can sup-
press undesired vibrations much better than conven-
tional TLCD system. Dominguez et al. (2008)
simulated the hysteresis behavior of the dampers using
a nonlinear model based on the Bouc-Wen model.
They considered frequency, amplitude, and current
excitation as dependent variables in their investigation.

To take maximum advantage of MR fluids in con-
trol applications, a reliable method is needed to predict
their nonlinear response. Several phenomenological
models have been used to characterize the behavior of
MR fluid dampers for seismic protection, vehicle appli-
cations, and so on (Kamath et al., 1996; Makris et al.,
1996; Weber et al., 2008). Generally, most MR dampers
have been analyzed using the Bingham model. This
model accounts for MR fluid behavior beyond the yield
point. However, it assumes that the fluid remains rigid
in the pre-yield region. Thus, the Bingham model does
not describe the fluid elastic properties at small defor-
mations and low shear rates, which are necessary for
dynamic applications (Kamath and Wereley, 1997; Lee
et al., 2002). To overcome this shortcoming, Spencer
et al. (1997) presented the so-called modified Bouc—Wen
model. Behavior of the MR dampers can be accurately
described using the current-dependent-modified Bouc—
Wen model (Guglielmino, 2008; Yang et al., 2002).

The main goals of the present study are twofold: (1)
to use the MR fluid dampers in the barriers of the pas-
sive nonlinear impact dampers. For convenience, this
type of impact dampers is named “smart impact dam-
per.” (2) To investigate the application of the smart
impact dampers for structural stability augmentation.
To the best of our knowledge, there has been no con-
sideration toward these issues up to now. It should be
noted that in the smart impact dampers, properties of
the barriers can easily be changed with varying the
input current. As a result, it can be concluded that the
smart impact dampers can be optimized without any
mechanical change in their specification.

In the present study, a simple model of a passive sin-
gle unit impact damper (or simply “conventional
impact damper”) is presented as a combination of non-
linear springs and viscose dampers. The nonlinear
springs are used to describe the Hertzian contact

between the impact mass and the main mass. The smart
impact damper is modeled using the nonlinear springs
and the MR fluid dampers. Application of the conven-
tional impact dampers is compared with the smart
impact dampers.

The dynamic behavior of the vibratory system (main
mass) equipped with the conventional and smart impact
dampers is described as explicit expressions. As a case
study, application of the conventional impact damper
and its equivalent smart impact damper for suppressing
the free vibrations of an Euler—Bernoulli beam is stud-
ied. Effects of varying the applied current and the mass
ratio on the damping inclination of the smart impact
damper are studied. In doing so, two user-oriented
charts are illustrated to show the variation of the damp-
ing inclination. Finally, application of the smart impact
damper to improve the ability of vibration quenching is
discussed.

Mathematical model of vibratory system

An impact damper is a mass placed inside the structure
and holds a small gap (clearance) to the structure.
When the displacement of the main system exceeds the
clearance, the impact mass collides with the container
wall (barrier) accompanying with energy dissipation
and momentum exchange (Cheng and Xu, 20006).
Consider an impact damper with impact mass m, gap
size d, and oscillator with linear stiffness K, main mass
M, and viscous damping C. Note that the mass ratio is
defined as w = m/M. A free vibratory system equipped
with the conventional and the smart impact damper is
shown in Figure 1.

In Figure 1, variables x and y are the main mass and
impact mass displacements, respectively. When
|y — x|<d/2, the impact mass moves freely at a con-
stant speed without causing any collision. Therefore,
the governing differential equation of the main mass
and impact mass motion can, respectively, be written
as follows

M3+ Ci+Kx=0 (1)
mj =0 (2)

In this article, the friction is neglected because the
gap size is assumed very small. The above differential
equation can be easily solved to formulate the displace-
ments of the main mass between the impacts i and i +
1. As shown in Figure 1, it is clear that impacts occur
only when the following holds

oy = ()

In the present study, the elastic behavior of the bar-
riers is modeled using a nonlinear spring, which is used
to describe the Hertzian contact force. Moreover, it is
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Figure 1. (a) Schematic model of the main vibratory system equipped with the conventional and smart impact dampers and
(b) barriers of the conventional and smart impact dampers when contact occurs.

considered that the impact damper system does not
have any effect on the impact condition. The expression
for the contact force (F,) can be written as follows

Fc = k(y _x)3/2 (4)

where k is the barrier stiffness. Note that the contact
force does not depend on the input current. Therefore,
F. is similar in both the smart and conventional impact
dampers.

When the impact mass collides with the barriers
(ly — x| > d/2), the schematic diagram of the vibratory
system with smart and conventional impact damper is
illustrated in Figure 1(b). The governing equation of
the impact damper system, when contact occurs, can be
written as follows
{Mje+cx+1<x—FC+Fd (5)

le = — FC — Fd

where F; is damping force. In the case of conventional
impact dampers, F; = ¢(y — x). Therefore, the govern-
ing equation for a vibratory mass equipped with the
conventional impact damper can be given by
M3+ Ci + Kx = k(y —x)** + ¢(y — %) ©)
—k(y —x)*? —e(y — %)

my =

Parameter estimation of MR damper
using the modified Bouc—Wen model

In the present study, the MR fluid dampers are used at
constant currents, since the modified Bouc—Wen model
can be used to simulate them. The modified Bouc—Wen
model is a mechanical model for MR fluid dampers
based on the Bouc—Wen hysteresis model. Spencer et al.
(1997) showed that the best results for portraying the
hysteretic behavior of the MR fluid dampers can be
obtained using the modified Bouc—Wen model. The
schematic diagram of the modified Bouc—Wen fluid
damper is shown in Figure 2.

The damping force in this model is given by (Spencer
etal., 1997; Wang and Liao, 2011)

Fy=c(y—%) + k(y—x) (7)

where k; is accumulator stiffness and ¢; is viscous
damping for force roll-off, which is more significant at
low relative velocities (d(y—x)/dr). Variable ¢ can be
calculated using the following relations (Spencer et al.,
1997)

l:ﬂ: Coicl [aqﬁ +.C()J./+Cl)'c+k0(y.*¢)] )
b= —yolp—llol" —BH—d) " + ()
(8)
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Figure 2. Modified Bouc—Wen model of MR fluid damper
(Spencer et al,, 1997).

MR: magnetorheological.

Table I. Parameters of the MR fluid damper (Giuclea et al.,
2004; Guglielmino, 2008).

u (A) ¢o (N s/m) ¢ (N s/m) a (N/m) ko (N/m)
0.02 121 10,300 2950 527
0.06 340 8350 15,300 306
0.10 465 13,900 23,900 223
0.20 966 33,600 34,000 468
0.40 1690 83,900 58,500 988
0.60 2880 93,300 89,800 1990
0.80 3220 10,1800 104,900 1240
1.05 3500 10,7800 114,500 1330
1.45 4730 111,600 114,400 1630
1.75 4050 122,500 133,900 2010

MR: magnetorheological.

In the above relation, ¢, is viscous damping at large
relative velocities and k is stiffness at large relative
velocities. In the present study, it should be noted that

both two sides of the MR fluid damper are considered
moveable. In other words, the MR fluid damper can be
connected to a fixed body (Ax = 0) or movable body
(Ax# 0). Therefore, the presented modified Bouc—Wen
model can be used to describe the behavior of the MR
fluid dampers, which are connected to the movable
main mass. Hence, when contact occurs (|y — x| > d/2),
the equations of motion for the smart impact damper
system, regarding the modified Bouc—Wen model, are
as follows

{Mjé-i— Ci+Kx=k(y—x)"?+c1( —%) + ka(y —x)
my = —k(y—x)3/2—c1((p—x) —k(y—x)
9)

where n, vy, B, 8, ki, a, ¢o, ¢1, and k, are coefficients of
the MR fluid damper model.

Numerical simulation
Properties of the MR fluid damper

The following values are selected for the fixed coeffi-
cients of the model: n = 2, y = 50,000 m 2, B =
613,000 m 2, 8 = 30.56, and k; = 540 N/m. Since the
fluid yield stress is dependent on input current (u),
parameters «, ¢, ¢, and ky can be assumed as a func-
tion of the input current. These parameters of the MR
fluid damper, corresponds to the studies of Giuclea
et al. (2004) and Guglielmino (2008), are given in Table 1.

Vibratory properties of the main system

In this section, vibratory behavior of an Euler—
Bernoulli beam, which is equipped with the presented
impact dampers, is investigated. Schematic diagram of
the beam and its properties is shown in Figure 3.

To increase effectiveness, the impact dampers should
be installed in part of the main system, which

> 27«

Smart barriers

2

Figure 3. (a) Schematic diagram of the beam with the smart impact damper and (b) schematic diagram of the equivalent smart

vibro-impact system.
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maximally vibrates. As shown in Figure 3, the smart
impact damper is installed in the beam tip. The equa-
tion of motion for the Euler—Bernoulli beam system
can conveniently be formulated using the principle of
virtual work (Clough and Penzien, 2010; Simitses and
Hodges, 2006). This principle requires that the external
virtual work (6 W) be equated to the internal virtual
work (6W;). Using the Euler—Bernoulli assumptions,
the external and internal virtual works can be given by

*w(z, 1)
1>

SWg = JpA dw(z, t)dz (10)

0

h
Pw(z, 1) 9% [ow(z, 1) Fw(z, 1)
= + a) —
8W[ JEI{ 922 a 522 ( 5 0 922 dz

(11)

where w is deflection of the piers, 4 is the cross-
sectional area of the piers, and a; is a damping con-
stant. Based on the separation of variable method,
deflection of the piers can be written as follows

(12)

where 7(z) is the shape function and ¢(¢) is time-
dependent response. Substituting the above relation
into equations (10) and (11) and equating the external
virtual work to the internal virtual work result in

w(z, 1) = 1(2) q(1)

h

d’q P\ \ dq

9y | By (S2) @z |22

dr J ‘“(dﬁ) “ ) ar
0

h d2 2
n _
0

Using the above relation, the equivalent mass, damping,
and stiffness of the beam can be approximated. For the
first mode shape of vibration (n(z) =0.5 — 0.5 cos(mz/
h)), the dynamic properties of the main vibratory system
(the beam) can be calculated as M,, = 0.3750pA4/ and
C,, = 12.1761a,El/l’ and K,,=12.1761EI/l’. Tn the
present study, the elastic modulus and mass density of
the beam are considered to be £ = 200 GPa and p =
7800 kg/m>, respectively (Beer et al., 2006). Therefore,
the nominal values of the main vibratory system para-
meters, if 7 = 11.1m, r = 0.72m,and a; = 9 X 10°*
s, are equal to M = 52794.8 kg, C = 68003.2 N s/m,
and K = 752827947.4 N/m. The barrier stiffness (k) is
assumed to be 67.1 MN/m.

h
Jp/l*r;2 dz
' (13)

Result and discussion

In the smart impact dampers, momentum exchange
between the colliding masses (during the contact of the

impact mass with the barriers) can be controlled using
the MR fluid damper in the barriers. During the colli-
sion, the contact force (F,) varies with the relative dis-
placement of colliding bodies (y—x). Therefore, the
contact force cannot be controlled with external para-
meters (e.g. input current). Unlike the contact force,
the so-called damping force (F,), in the smart impact
dampers, is variable with the input current. Therefore,
the damping force can be controlled externally regard-
ing the contact parameters. In this section, effects of
the input current on performance of the smart impact
dampers are investigated.

In the present study, the governing differential equa-
tion of the main mass and impact mass motions is pre-
sented when the impact mass freely moves between the
barriers. It is shown that if the relative motion of
masses exceeds than half of the gap size, the impact
occurs. Using the mass ratio, stiffness, and damping
behavior of the barriers, equation of motion for the
colliding masses, in the smart and conventional impact
dampers, is theoretically presented.

Many contacts may occur between the masses dur-
ing the oscillations of the vibratory system equipped
with the impact damper. In each of the collisions, the
equation of motion for the colliding masses should be
solved. In order to evaluate the performance character-
istics of the smart and conventional impact dampers,
computer simulation is done in MATLAB software. In
the present study, the nonlinear differential equations
are solved using the Newmark-beta integration method
(Afsharfard and Farshidianfar, 2012b), and the time
step is considered as Ar = 10~ *s.

The modified Bouc—Wen model is used to predict
the force generated by the MR fluid damper. The
response of the MR fluid damper, which is used in the
barrier of the smart impact damper system due to ini-
tial contact velocity of 70 cm/s for constant current of
0.02 A, is shown in Figure 4.

As shown in Figure 1, vibratory behavior of the col-
liding masses in the conventional impact dampers is
described using springs and viscose dampers. For com-
paring the smart impact damper with the conventional
impact damper, an equivalent viscose damping coeffi-
cient should be calculated for the viscose dampers. To
find the equivalent viscose damping coefficient, varia-
tion of the damping force (F,;) with the relative velocity
(d(y—x)/dt) is estimated with a linear approximation.
Slope of the approximated line is used as the viscose
damping coefficient (¢). In Figure 5, waveforms of free
vibrations of the discussed beam equipped the smart
and the conventional impact dampers are compared
with the system without impact damper.

For the linear systems equipped the impact dampers,
the decay of maximum displacement is initially linear,
and after a considerable decrease in displacement
amplitude, it is exponential (Bapat and Sankar, 1985).
The slope of trend line passes through the initial
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Figure 4. Force—velocity loop for the MR damper in the smart
impact damper system.
MR: magnetorheological.

maximum displacements of the main vibratory system
can be considered as an appropriate and simple para-
meter to show the speed of vibration suppression by
the impact dampers. This parameter is usually repre-
sented by a term named damping inclination (DJ),
defined as follows

where 7, and 1, are the times of occurrence of the maxi-
mum positive displacements X; and X>, respectively. In
Figure 5, for the vibratory system equipped the conven-
tional and the smart impact dampers, the damping
inclinations are equal to 0.1570 and 0.1998 m/s, respec-
tively. Therefore, it can be concluded that application
of the smart impact damper to suppress initial vibra-
tion of the presented beam is more than 27% stronger
or faster than the conventional impact damper.

In inelastic collisions, some kinetic energy is trans-
formed into heat, sound, and other forms of energy.
Ability of impact dampers to suppress undesired vibra-
tion depends on the amount of energy loss in the colli-
sion of the impact mass with the barrier. The restitution
coefficient (R) is proportional to the loss of energy dur-
ing the collision (Ibrahim, 2009). The restitution coeffi-
cient is defined as follows

d(y—x)
()

(“5)
a )
where the subscripts “ + ” and “—" present the values
of variables at, just after, and just before the collision.
Note that dissipation of energy is high in low amounts
of the restitution coefficients. In perfectly elastic colli-
sions, R = 1 (no energy loss), and in perfectly plastic
collisions, R = 0.

Variation of the restitution coefficient versus time in

R =

(15)

Xi—X the vibratory system with the conventional impact
pr="1"22 (14) . nt .
fh—1 damper and the smart impact damper is illustrated in
0.250 0.250
zone(I) Linear zone(Il) Linear I
= decay B ) = decay 2l
1 1 1 1
1 1 1 1
i Ex}()ionential 0.15 n A “ i W Exponential 0.15 0 n nﬂ
ecay d
0.123 0.12% 4 111l 1
i 0.1 1 0.1
{ill 0 01 02 03 i1l 0 01 02 03
k
N e
\S, 0 ; \S, 0
= : =
b r
Exponential ;
-0.125 Sy -0.125 A
without impact damper without impact damper
conventional impact damper smart impact damper
(d=7cm, u=0.1, c=154N.s/m) (d=7cm, y=0.1, u=0.024)
-0.250 -0.250’
0 1 2 3 4 0 1 2 3 4
t(s) t(s)
(a) (b)

Figure 5. Waveforms of the beam vibrations without impact damper and (a) with the conventional impact damper and (b) the

smart impact damper.
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Figure 6. Variation of the restitution coefficient versus time in
the conventional and the smart impact dampers.

Figure 6. Average of the restitution coefficients for the
vibro-impact system with the smart impact damper and
the conventional impact damper is equal to 0.8973 and
0.9080, respectively. As a result, it can be concluded
that the smart impact damper can dissipate undesired
energy better than the conventional impact damper.
Therefore, the smart impact damper works better than
the convention impact damper.

In the case of the smart impact damper, which is pre-
sented in this study, the gap size is small and the impact
mass cannot move in the gap distance with high speed.
Therefore, the impact mass cannot exchange enough
momentum through the contact with the main mass
unless the impact mass is heavy enough. Since the beha-
vior of the MR fluid dampers is dependent on input

current, performance of the smart impact dampers is
variable with input current. Variations of the damping
inclination versus the input current, gap size, and mass
ratio are illustrated in Figures 7 and 8.

As it was mentioned before, dependence of the bar-
rier behavior on electrical input current is the main
property of the presented smart impact damper. In
other words, application of the smart impact dampers
can be improved without any mechanical change in
their specification. This property can clearly be
observed in Figures 7 and 8. For example, in Figure 7,
it is shown that for the smart impact damper with u =
0.07 and d = 5 cm, the damping inclinations are equal
to 0.1697 and 0.2195 m/s if the input currents are equal
to 0.02 and 0.60 A, respectively. Therefore, the damp-
ing inclination can be improved more than 29% only
by changing the input current. Two points 1 and 2 are
specified in Figures 7 and 8, respectively. The damping
inclinations for smart impact damper in points 1 and 2
are equal to 0.2195 and 0.1188 m/s, respectively.
Furthermore, average of the restitution coefficients for
smart impact damper in points 1 and 2 is equal to
0.9037 and 0.9693, respectively. Therefore, the smart
impact damper in point 1 should be stronger than
smart impact damper in point 2. Effect of using the
smart impact dampers (with properties of points 1 and
2) on the main mass vibrations is shown in Figure 9.
Finally, it can be concluded that selecting appropriate
values for the input current, mass ratio, and gap size
for the smart impact damper can increase the damping
inclination and average of the restitution coefficient
more than 84% and 7%, respectively.
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Figure 7. Variations of the damping inclination versus the input current and gap size (u = 0.1).
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Figure 8. Variations of the damping inclination versus the input current and mass ratio (d = 5 cm).
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Figure 9. Waveforms of the beam vibrations with smart
impact dampers in points | and 2.

Conclusion

The MR fluid dampers provide a level of technology
that has enabled effective semi-active control in a num-
ber of practical applications. In the present study, the
MR fluid dampers are used to improve the perfor-
mance of the barriers in the inner mass single unit
impact dampers. In the presented model of the impact
damper system, the barrier consists of a nonlinear
spring and a MR fluid damper. The nonlinear spring
and MR fluid damper are used to show the elastic and
damping behaviors of the barriers, respectively. The
modified Bouc—Wen model is used to obtain the damp-
ing force of the MR fluid damper.

In this study, effect of applying the smart impact
damper to suppress undesired vibration of an Euler—
Bernoulli is investigated. It is shown that using a smart
damper instead passive (conventional) impact damper
can increase the damping inclination of the beam more
than 27%. Furthermore, it is shown that average of the
energy loss in the barrier of the smart impact damper is
higher than the conventional impact damper.

Improving application of the smart impact dampers
without any mechanical change in their specification is
discussed. It is shown that changing the input current,
without any mechanical optimization, can increase the
damping inclination more than 29%.

Effects of varying the input current, the mass ratio,
and the gap size on the performance of the smart dam-
per are illustrated in two user-oriented charts. It is
shown that selecting an appropriate input current, mass
ratio, and gap size can increase the damping inclination
more than 84%. Moreover, it is shown that selecting
proper parameters leads to improve the average of the
restitution coefficient more than 7.2%.
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Appendix |
Notation

a damping constant

A cross-sectional area of the piers
Co viscous damping at large velocities
1 viscous damping for force roll-off at low
velocities

viscous damping

gap size

damping inclination

elastic modulus

contact force

damping force

beam length

moment of inertia

barrier stiffness

stiffness at large velocities
accumulator stiffness

linear stiffness

impact mass

main mass

time-dependent response

beam radius

restitution coefficient

input current

deflection of the pier

main mass displacement
impact mass displacement

SmmmT RN
B ~N
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z distance to the clamped boundary of the M uniform vibration mode shape
pier s mass ratio
v Poisson’s ratio
oWr external virtual work p mass density
oW, internal virtual work
A variation
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