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The complex mode superposition method for the dynamical analysis of a simply
supported beam with two rotational viscous dampers attached at its end is presented. First,
a numerical procedure for the evaluation of complex frequencies and modes of vibration
has been worked out. Second, the appropriate orthogonality conditions have been
established in order to decouple the equation of motion. The complex mode superposition
method has then been used for the dynamic analysis in the time and frequency domains.
Finally, some numerical applications, under impulsive and harmonic transverse
accelerations of both ends, have been reported in order to illustrate the effects of the
dampers on the response amplitude.
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1. INTRODUCTION

Dampers are frequently used in the design of structures under dynamic and seismic
excitations. These devices are employed not only in the field of vibration isolation, but also
in that of the passive and active control of the dynamic response. Their aim is to dissipate
part of the vibration energy and for this reason they lead to a reduction in the response
amplitude.

In the dynamic response analysis of systems with viscous dampers it should be taken
into account that, due to the presence of such devices, the damping is non-classical [1].
As a consequence, the dynamic analysis cannot be carried out by the standard mode
superposition method. In fact, natural frequencies and modes of vibration are complex and
the equations of motion have to be decoupled in the complex domain.

This technique has been clearly stated for discrete multi-degree-of-freedom systems and
the physical meaning of all of the elements that define the solutions has been elucidated
[1]. This method has recently been extended, by two of the present authors, to distributed
parameter systems, in the study of two simple models for dynamic soil-structure
interaction [2—4].

However, the applicability of the complex modal analysis for distributed parameter
systems is limited by the lack of general procedures for the evaluation of complex
frequencies and modes of vibration. For a longitudinally vibrating cantilever beam with
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a viscous dashpot attached at its free end, the complex frequencies and modes of vibration
can be evaluated in closed form [5, 6]. For such a system a method for the dynamic analysis
based on the use of complex modes of vibration has also been proposed [6]. Some results
in terms of complex frequencies and modes have also been provided for flexural vibrating
beams with general end conditions [7], but without explicit directions about the numerical
procedures used for their evaluation.

The aim of this paper is to apply the complex mode superposition method to the
dynamic analysis of a Bernoulli-Euler simply supported beam with two rotational viscous
dampers attached at its ends.

For this system a numerical procedure for the evaluation of complex frequencies and
modes of vibration has been developed and the orthogonality conditions, which allow the
decoupling of the equation of motion in terms of principal co-ordinates, have been derived.
A parametric study has then been carried out in order to investigate how the natural
frequencies depend on the dynamic characteristics of the system. Subsequently, some
numerical applications, under impulsive and harmonic transverse accelerations acting
simultaneously at both ends, have been reported and a comparison has been made with
the response of the same beam without dampers. Finally, it has been shown how, by
selecting appropriately the properties of the beam and the dampers, a considerable
abatement of the structural response can be obtained.

2. THE STRUCTURAL SYSTEM

The system under investigation is composed of a uniform simply supported
Bernoulli-Euler beam with two rotational viscous dampers, with damping constant c,
attached at its end, see Figure 1. The beam has length L, mass per unit length m and
flexural rigidity EJ.

3. THE GOVERNING EQUATIONS

The governing equations of the present problem are the equation of motion for the
Bernoulli-Euler beam and the corresponding boundary conditions. For vertical ground
excitations the equation of motion takes the form

EJ 0*v(z, 1)/0z* + m 0%0(z, )]0 = —m %0, (1)/07, (1)

where v(z,t) is the vertical displacement and v,(f) represents the ground vertical
displacement. The boundary conditions at the two ends of the beam are defined in terms
of displacements and bending moments as

v(0,¢) =0, v(L, 1) =0, (2a, b)
M, t) = —c (0, 1)/0z dt, M(L,t)=cd*w(L,t)/dz ot. (3a, b)
where
M(z, t) = —EJ d*(z, t)]0z*. @)
c c
7 7
#+ L #+

Figure 1. The structural system.
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For harmonic motions the end moments and rotations may be written in the forms
M0, 1) = — M, exp {iwt}, M(L, t) = My exp {iwt},

(0, 1) = ¢4 exp {lwt}, o(L, 1) = @z exp {lot}, (5a—d)

where, M, My, ¢, and ¢z are positive when the direction of rotation is counterclockwise.

4. DYNAMIC STIFFNESS MATRIX

The dynamic stiffness matrix for the simply supported beam may be derived from the
equation of motion (1) and appropriate boundary conditions through standard methods
of structural dynamics [8] in the form

M| EJa @[
EAR A ®

sin b cosh b — cos b sinh b _ sinhb —sinb
*= [—coshooshh  ° ¥~ T—cosbeoshb? (7a, b)

where

are stiffness coefficients which depend on the frequency parameter b = aL, in which
at = (m/EJ)o. )

In the case of the beam with dampers, since for harmonic motions

] i)
0| EJ|o+iub? & oy
[0} T L [ a o+ iubz}[qog} (19)

where p = ¢/L/mEJ is a structural parameter. Therefore, the dynamic stiffness matrix
takes the form

one obtains

CEI[a+iph &

where the term iub* accounts for the viscous damper effects.

5. NATURAL FREQUENCIES

The natural frequencies of the system are obtained by setting to zero the determinant
of the dynamic stiffness matrix. This condition provides the two equations

o F &+ iub? =0, (12)
where the frequency parameter b* is complex in general. By setting

b =p+igq, (13)
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simple algebraic manipulations lead to
(A+ B—pq) +i(C+ D+ pp)=0, (14)

where 4, B, C and D are real functions of p and ¢, the expressions for which are reported
in Appendix A. The natural frequency parameters of the system are given by the values
of p and ¢, which are simultaneously solutions of the real and the imaginary part of
equations (14). This condition leads to the following two systems of equations

A—B—ug=0 A+B—ug=0 (15. 16)
C—D+u=0¢( C+D+pup=0{ ’

By analogy with the simply supported beam, for which the odd frequencies are given
by the equation o — & =0 and the even ones by the equation « + & = 0, the couples
( pu, ¢») which are solutions of the system (15) correspond to the dimensionless natural
frequencies of odd order, while the couples ( p., g.) which are solutions of the system (16)
correspond to the even order ones. Because the functions 4, B, C and D are even in p,
if the couple ( p., ¢.) is a solution of the system (15) or of the system (16), so is the couple
(=pu, ¢.)- The complex natural frequencies are, then, given by the relationship

w, = b2 /EJ/mL* = (£ p, + ig.)/ EJ/mL". (17)

By considering the modulus

.| = /(2 + G)EJjmL? (18)

and defining the modal damping ratios

&= qu//(Pr + q2), (19)

the natural frequencies may be written as

W, = |wn|(i\/ 1 — 5+ iﬁ,,). (20)

The real part of w, therefore has the physical meaning of the damped natural frequency
of a single-degree-of-freedom viscous linear system with natural frequency |w,| and
damping ratio £,. Due to its dependence on the damping parameter ¢,, the natural
frequency |w, | is not equal to the natural frequency of the corresponding damped system
and, for this reason, is termed the nth pseudo-undamped natural frequency [1]. It should
be noticed that the damping parameter

q”: 6n|wn| (21)

cannot, obviously, be negative.

5.1. EVALUATION OF THE NATURAL FREQUENCIES

For each selected value of the structural parameter p, the natural frequencies are given
by the values of p and ¢ which simultaneously satisfy the equations of the system (15) or
those of the system (16). By dividing the first of these equations by the second and after
some algebraic manipulations, one obtains

g=—p(AF B)/(CTF D), (22)

where the minus sign refers to system (15), while the plus sign refers to system (16). It may
be noticed that this equation is independent of x and the couples ( p, g) which are its
solutions represent all the admissible solutions of the frequency equation (14). By selecting
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Figure 2. Evaluations of admissible solutions.

any value of p and taking into account that ¢ cannot be negative, these couples may be
obtained by the intersection of the straight line

fq) =q, (23)
and the curve
glq) = —p(A4 ¥ B)/(C ¥ D). (24)

For example, some admissible solutions are evaluated in Figures 2(a) and 2(b) for some
values of p.

In the plane p—¢ such couples describe a countable infinity of curves of which the first
five are reported in Figure 3. Each of them refers to a natural frequency. For each point
of these curves the corresponding u may be derived from any of the two equations of the
system (15) or of the system (16). For example, considering the first equation, one obtains

1= (4T B)g. (25)

It should be noticed that the points of each curve are in a one-to-one correspondence with
the values of u in the interval [0, co]. In particular, the points which lie on the p-axis are
related to the values u = 0 and u = oo of the structural parameter. For each curve, the
smaller value coincides with a dimensionless natural frequency, p,,, of the simply supported
beam, while the larger one is associated with the frequency, p.., of the beam with clamped
ends. In fact, as can easily be proved, the frequency equations of the simply supported
beam and of the beam with clamped ends may be obtained as limiting cases from equation

40
32—
=5
24 |- n=4
Sl n=3
16 — a2
8_ m
1 |
5 10 20 50 100 200 300
p

Figure 3. Admissible solutions of the frequency equation for the first five natural frequencies.
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Figure 4. Admissible solutions of the frequency equation for the first natural frequency: detail in close
proximity to the first natural frequency of the beam without dampers.

(14) for u—0 and for u— co. Moreover, all of the other points correspond to distinct values
of u within the interval [0, oo]. It may also be noticed that, for all the curves but the first
one, as u increases from zero to infinity p increases from p, to p...

For the first natural frequency the curve presents a different trend, as is shown by
Figure 4. As u increases from zero, at first p decreases, attaining its minimum values,
DPmin = 9-848149, for u = 0-17027. Subsequently, for £ > 0-17027, p increases monotonically
up to pe.

The straight line f(g) and the curve g(g) have, therefore, only one intersection in the
interval Jp,, p..], as may be seen in Figure 2(a). For the first natural frequency there are
two intersections in the interval 1p,.., ps]; see Figure 2(b). The first one refers to a value
of p within the interval 0 < p < 0-17027, while the second one to a value of u within the
interval 0-17027 < u < 0-21934. Therefore, for any frequency and for any value of the
structural parameter u, an interval is defined in which p must stay. Because in this interval
the frequency equation has only one solution, this can easily be found by means of a
bisection procedure. For the first frequency, the actual value of the structural parameter
u decides whether p,, is the upper bound p, or the lower bound p, for p. For u < 0-17027,
then, it is p, = pi = 9-848149 and p, = p,, = n?, while for u > 0-17027 it may be set to
Pi = pmin and p, = p... For all higher frequencies it is p, = p,; and p, = p... A trial value for
p may be chosen as

p=(p+pu)2 (26)

and the corresponding value § of ¢ is evaluated through the intersection method previously
described. The value ji of u, corresponding to the couple ( p, §) through equation (25), may
be either larger or lower than the given u. For the first frequency, if g > u then p, = p
if u> 017027 or p;= p if u < 0-17027; otherwise, if i < p then p,= p if u > 0-17027 or
p.=p if £ <0-17027. For all higher frequencies, it is p,=p if > por p,=pif i< p.
In this way, new upper and lower bounds are iteratively defined for p which, therefore,
may be evaluated to the required degree of accuracy. The procedure will be terminated
when

2(p — p)/(pu+ p1) <, (27)

where ¢ is the permissible error.
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6. NATURAL MODES OF VIBRATION

Natural modes of vibration are derived directly from the solution of the beam equation
and are of the form

$u(() = Ay sin b,{ + As, €08 b,{ + A, sinh b,{ + Au, cosh b, (28)

where ( is the dimensionless spatial co-ordinate z/L. The integration constants A, are given
by the expressions

__iub,(sin b, — sinh b,) _ —2sin b, + iub,(cos b, — cosh b,)

Aln = 19 A2n - s A}n
g g
(29a—)
Ay = — A, g = 2sinh b, — iub,(cos b, — cosh b,), (30a, b)
obtained by applying the boundary conditions
vy =0, vp =0, M, = —iwcey, My = —iwcep. (3la—d)

It is worth noticing that the modes of vibration are complex and occur in conjugate pairs.
One set of modes corresponds to the positive values of p,, while the conjugate set
corresponds to the negative ones.

7. ORTHOGONALITY CONDITIONS

The equations of motion for modes n and m are written as
EJ})" — wime, = 0, EJo," — wpmo,, = 0. (32, 33)

By multiplying the first by ¢,, and the second by ¢, and integrating between 0 and L, one
obtains

L L
J EJ¢/;/N¢I11 dZ - wi J‘ m(bn¢m dZ = 0,
() 0

L L
j EJp, $,dz — o), J mae, ¢, dz = 0. (34, 35)
0

0

By integrating by parts and applying the boundary conditions, the previous equations may
be written as

L

JL EJ) ¢y dz + iw.c[dr(0).,(0) + ¢ (L) (L)] — w; f me,¢, dz =0, (36)

0

j EJ$) dny dz + iw,c[dr (0)hn(0) + ¢ (L) (L)] — w;, J me,¢,, dz = 0. 37

Subtraction of equation (36) from equation (37) provides

(2 — ) J M, dz — ic(w, — ©,)[d: (0)$(0) + ¢, (L), (L)] = 0, (38)
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which, for w, # w,,, gives the first orthogonality condition

(w, + ) J me, ¢, dz — ic[¢p, (0)h,, (0) + ¢, (L) (L)] = 0. (39)

0

By subtracting equation (36) multiplied by w,, from equation (37) multiplied by w,, one
obtains

L

L
(O\)n - wm)wnwm f m¢n¢m dZ + (wn - wm) J’ E1¢r/1/ ¢I/7ll dZ = 0, (40)
0

0
which, for w, # w,,, leads to the second orthogonality condition

L

L
W,y J mao,$, dz + J EIp) ¢, dz = 0. 41)
0 0

8. MODAL DAMPING FACTORS

By setting s, = iw,, the orthogonality conditions become

(80 + Su) f me, ¢, dz + ¢[¢,(0)¢,.(0) + ¢ (L)p,(L)] = 0, (42)

L L
SuSm f me, ¢, dz — J Elp, ¢, dz = 0. (43)
0

0

Since to each eigenvalue s, there corresponds the conjugate one §,, by taking s,, = §, and
by noticing that s, + §, = —2¢&,|w,| and 5,5, = |w, |, it follows that

L

El¢, |*dz
’ 2 ’ 2
o, :07: kn’ 28 || = cllr(0) P + i (L)*] :ﬁ_ (44, 45)
L ni, L m,
J m|p,|*dz f m|¢,|*dz
o o

Therefore, the damping mechanism may be idealized as a set of modal viscous dampers
having a damping constant ¢, = ¢[|¢,(0)]* + | ¢, (L)|*]. As a consequence, it is possible to
define the modal damping factors £, by equation (45).

9. COMPLEX MODE SUPERPOSITION METHOD

In the following sections the complex mode superposition method [1-4] for the
dynamical analysis of the system under a transversal motion of both ends will be presented.
At first, the modal impulsive response functions will be derived. Then these functions will
be used to evaluate the response to a general seismic motion in the time and frequency
domains.
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9.1. MODAL IMPULSE RESPONSE FUNCTIONS

In the case of an impulsive transverse acceleration, acting at both ends simultaneously,
the equation of motion takes the form

EJv"(z, t) + mi(z, t) = —mId(1), (46)

where I = jof i, (t) dt is the acceleration impulse and 6(¢) is Dirac’s delta function. In the
mode superposition method, the response in terms of displacement can be expanded as
a linear combination of modes of vibration as

o) = 3 nOb () @7)

In this case, unlike the classical modal analysis, the vibration modes ¢,(z) are complex
functions of the spatial co-ordinate z and the principal co-ordintates y,(z) are complex
functions of time ¢. Due to the impulsive nature of the excitation, the principal co-ordinates
take the form

Ya(t) = C, exp {iwat}, (48)
which imply

Pu() =iw,pu(0), () = —up(D). (49a, b)

By using the eigenfunction expansion, the equation of motion becomes

Y. BT (08" ) + mi (034 (2)] = —mI3(0). (50)

Multiplication by ¢,,(z) and integration between 0 and L leads to

i [yn(l)J EJ)" (2)pn(2) dz +ﬁn(l)f M, (2)pn(2) dZ] = —15(l)J me,(z) dz. (51)

n=

Integrating by parts and applying the boundary conditions, one obtains

i {yn(l)[iw:w((ﬁé (0)¢;,(0) + ¢1(L)$a (L)) +J EJi (2)pn(2) dZ}

+ ji,,(l)J Mo () (2) dz} = —I(S(t)J men(z)dz. (52)

Upon making use of the orthogonality condition (39), the previous equation becomes

i {yn(t) [iwnc(qﬁé 0)¢n (0) + @7 (L)Pr (L)) — 0y J

0

M, (2)pn(2) dZ}

+ 3. (1) JL mae,(z)p.(z) dz} = —13(1) JL me,(z)dz.  (53)
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By using relationships (49) between the principal co-ordinates and their derivatives, after
some algebraic manipulations, the following equation is found:

i {|:IC(¢1; (O)QS;/n(O) + (;br:(L)d)l;r(L)) + ((,{),, + wm) f m(b”(z)qsm(z) dZ:| y,f)}

1
0 @,

= —I3(t) JL me,(z)dz. (54)

It may be noted that, by applying the orthogonality condition (39), the expression in square
brackets vanishes for w, # w,. Therefore the summation in the two previous equations
reduces to only one term, making it possible to decouple the equations of motion which
take the form

2M,5,(t) + Cojin(t) = —L,I3(1), n=1,2,..., (55)

where

L,= J ' me,(z) dz, M, = rmqbg(z) dz, C, = c(p(0) + ¢ (L)). (56a—c)

Integration of these equations in the time interval [0~, 0*] leads to
2M,3,(0) + Copu(0%) = — L1, (57)

from which the constants C, are obtained:

'L
IJ me¢, dz
C, = — ’ _ IB,. (58)

Diw, j ' mae; dz + c(¢.2(0) + ¢ 2 (L))

The complex modal impulse response function may then be written as
(2, 1) = B,¢.(2) exp {iw,t}, (59)

but the dynamic response can be evaluated more conveniently by using real algebra. This
purpose can easily be achieved by summing each modal contribution to its conjugate one:
i.€.,

hy(z, 1) = 2 Re [B,.(z) exp {iw,1}]. (60)

As a consequence, every modal impulsive response function is real and includes the
contributions of both the mode and its conjugate. Although this function is formally real,
it is still necessary to use complex algebra for its evaluation. However, by defining the real
functions

ﬁn(z) =2Re [B,,¢,,(Z)], VN(Z) =21Im [B,,¢,,(Z)], O("(Z) = énﬂﬂ(z) - 1 — 5%(2):
(6la—c)

the modal impulse response function may be expressed in terms of real algebra as

Iy (z, 1) = 0, (2) |, [ () + Bu(2)ha(0), (62)
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where
ha(1) = (1/wp,) exp{ — &, |, |} sin wp,t (63)

represents the impulse response function of a single-degree-of-freedom linear viscous
system with natural frequency |w,|, damping ratio £, and damped frequency

2

W = |, /1 — &.

9.2. RESPONSE TO A GENERAL GROUND MOTION

By using the impulse response function (62), the dynamic response to a general ground
motion may be obtained according to the modal superposition method as

0

v(z, 1) =), ﬁ v, (D) (z, t — 1) dr, (64)

where the unitary impulse has been replaced by I = #,(t) dt and the loading history has
been divided into a sequence of impulses in the standard way of dynamic analysis. For
computational purposes it is convenient to express the dynamic response in terms of
response integrals as

oG 1) = X TGV + BB (65)

where

V,,(l)zla)nlD,,(t)zlw,,lfﬁg(r)hn(l—t)dr, D,,(t)zjtﬁg(r)ﬁ,,(l—r)dr. (66, 67)

0 0

9.3. RESPONSE TO HARMONIC GROUND MOTIONS

When the ground motion is harmonic, the dynamic response may still be evaluated by
means of equation (65), but the response integrals may be obtained in closed form as

exp{idt} — [cos wpt + (&:/y/1 — &2 + 1d) sin wp,t] exp{ — &, |w, |t} p

Dn(t) == |(}),, |2 - a—)z + 126,1 |CO,1 |(A_) 205 (68)
D, (1) = {id exp{idt} + [wp, sin wp,t + &, |@,]cos wp,t — (&,/</1 — E2 + id)
X (wpy €08 Wput — &, |, |sin wp,t)] exp{—&, |w,|1}} o — & _’i ERTERTR (69)

The steady-state response may then be evaluated by using the expressions

iy
|(U,1 |2 - (I)z + 125/1 |wn

i
|wn |2 - (I)z + izén |CO,1|CL-)’

D,(®) = D,(®) = 5 00.7D)

which are obtained by removing the transient part from the response integrals (68) and
(69).

10. NUMERICAL APPLICATIONS

The aim of the numerical applications reported here is to illustrate the main results
derived in this paper. First of all, the results of a parametric study, which show the
variation of natural frequencies as functions of the structural parameter u, are presented.
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Figure 5. The real part (Re), imaginary part (Im) and modulus (Jw|) of the first natural frequency as functions
of the structural parameter p. wi, = first natural frequency of the simply supported beam; wi.. = first natural
frequency of the beam with clamped ends.

Then, a graphical representation of a few nodal shapes is reported and the complex modal
analysis is finally applied to evaluate the dynamic response to impulsive and harmonic
excitations.

10.1. NATURAL FREQUENCIES

The modulus, the real and the imaginary parts of the first natural frequency are reported
in dimensionless form in Figure 5 for 0 < u < 1. It may be noted that the imaginary part,
which is a measure of the amplitude decay of the modal motion, at first increases and
reaches its maximum value for yu ~ 0-33, then it decreases to zero as u— oo.

The real part, which has the physical meaning of a damped vibration frequency, remains
approximately constant and slightly smaller than the first natural frequency of the simply
supported beam when p is less than about 0-22. Then it increases and tends asymptotically,
like the modulus, to the value of the corresponding frequency of the beam with clamped
ends.

The imaginary part and the modulus also present the same trend for higher frequencies,
as may be seen from Figures 6 and 7 for the second and third frequencies, respectively.
However, the real part starts to increase from the very beginning with increasing values
of u.

0 0.2 0.4 0.6 0.8 1.0

Figure 6. The real part (Re), imaginary part (Im) and modulus (Jw|) of the second natural frequency as
functions of the structural parameter u. wa, = second natural frequency of the simply supported beam;
s = second natural frequency of the beam with clamped ends.
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Figure 7. The real part (Re), imaginary part (Im) and modulus (|@|) of the third natural frequency as functions
of the structural parameter u. ws, = third natural frequency of the simply supported beams; ws.. = third natural
frequency of the beam with clamped ends.

From Figures 5, 6 and 7, it may be noted that increasing the damping parameter beyond
a certain limit does not lead to an increase in the loss of energy but to a stiffening of the

beam.

10.2. MODAL AMPLITUDE DECAY

As may be noted from the modal impulse response function 4,(), the reduction of a
modal amplitude is related to the modal damping factor &,|w,|, which is actually the
imaginary part of the complex natural frequency w,. The general picture of how this factor
depends on the structural parameter p is given in Figure 8 for the first three modes of
vibration and for 0 < u < 1. It may be seen that the modal amplitude decay factor
increases with the mode order for 0 < u < 0-36 approximately.

For u = 0-36 these factors practically coincide, showing that the amplitudes of all the

modal contributions decrease at the same rate.

10.3. NATURAL MODES OF VIBRATION

The real and the imaginary parts of the first three modes of vibration are reported in
Figure 9 for ¢ = 0-20. It may be noted that the real parts show a remarkable resemblance
to the modes of the simply supported beam. The imaginary parts imply that all points of
the beam vibrate out of phase in each modal contribution. This means that there are no
nodes, i.e., points which do not move, and that the displacements at all points never vanish

3
g 2F n=3
)
3
E 1pf /n=2
n=1
| | | |
0 02 04 06 08 1.0

Figure 8. Amplitude decay factors for the first three modes as functions of the structural parameter u.



340 G. OLIVETO ET AL.
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q = 4.639
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p =49.064
q =14.804
E=28.89%

p =111.921
q=17.925
£=15.81%

Figure 9. The real (heavy lines) and imaginary parts (light lines) of the first three modes of vibration of the
system for pu = 0-20.

simultaneously nor reach their peak values at the same time. The modal shape changes
within each period, but repeats itself with reduced amplitudes in the following periods.

When u tends to infinity the imaginary parts vanish and the real parts coincide with the
modal shape of the beam with clamped ends. For the sake of brevity, graphs showing this
limiting case are not displayed.

10.4. TIME DOMAIN RESPONSE

The dynamic response to an impulse of transverse acceleration I, acting at both ends
simultaneously, has been evaluated in terms of mid-span displacement and bending
moment for pu=0-09. The real and the imaginary parts of the first five frequency
parameters have been reported in Table 1, together with the corresponding values of the
damping factors. It may be noted that, in this case, the first modal damping factor is
approximately 20%.

In Figure 10, the impulse modal response functions for the mid-span displacement, as
defined in section 9.1, are reported for the first three conjugate pairs of vibration modes.
It may be seen that the first modal contribution clearly prevails over the others and that,
due to the dampers, the amplitude of all the displayed functions decays rapidly. In the same
figure is also shown the impulse response function obtained by superposing the first five

TABLE 1
The first five frequency parameters and corresponding damping factors for

u=0-09

Mode p q ¢ (%)

1 9-8608 1-8223 18-18

2 40-7014 7-3241 17-71

3 94-4598 15-7321 16-43

4 172-3820 24-4919 14-07

5 273-0706 31-0518 11-30
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Figure 10. The modal impulse response functions for the mid-span displacement; x4 = 0-09. ——, Modal

impulse response function from the superposition of the first five modal responses.
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Figure 11. The modal impulse response functions for the mid-span displacement; y = 0-09. ——, Beam with
dampers; —, beam without dampers.

modal contributions. This same function is also reported in Figure 11, where it may be
compared with the corresponding one for the beam without dampers. A reduction of the
maximum amplitude of about 25% may be clearly noted.
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Figure 12. The modal impulse response functions for the mid-span bending moment; u = 0-09. ——, Modal

impulsive response function from the superposition of the first five modal responses.
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Figure 13. The modal impulse response functions for the mid-span bending moment; u = 0-:09. ——, Beam
with dampers; —, beam without dampers.
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Figure 14. The maximum amplitude reduction of the impulse response functions for the mid-span displacement
and bending moment as functions of the structural parameter x. R™ = maximum response amplitude of the
beam with dampers; R}* = maximum response amplitude of the beam without dampers.

The mid-span bending moment shows the same trend, as may be seen in Figures 12 and
13. In this case the contribution of the higher modes is more important and the maximum
amplitude reduction, being over 35%, is even more important.

The general picture of the maximum amplitude decrease is reported in Figure 14 for
0 < u < 1. It may be noticed that the reduction reaches its maximum value when p ~ 0-37
for the mid-span displacement and when u ~ 0-35 for the mid-span bending moment. Such

1-00
0-75
Mid-span moment

= 050
=

0-25 — End moments

| | | |
0 0.2 0.4 0.6 0.8 1.0

u

Figure 15. The ratio between the maximum moment, M, for the beam with dampers and the maximum
mid-span moment, Mss, for the beam without dampers.
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Figure 16. The amplitude of the frequency response function for the mid-span displacement.

a reduction appears to be very high, at about 80% for the displacement and 60% for the
bending moment.

However, it should be noticed that, due to the presence of viscous dampers, together
with the mid-span reduction, a bending moment arises at the ends of the beam. The ratio
between the maximum amplitude of this bending moment and that at mid-span for the
beam without dampers is shown in Figure 15 for 0 < u < 1. The ratio between the
maximum mid-span moments for the beam with and without dampers is also reported in
Figure 15 for the sake of comparison. It may be noticed that as the mid-span moment

Dimensionless amplitude,

Figure 17. The amplitude of the frequency response function for the mid-span bending moment.
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Figure 18. The first peak of the amplitude of the frequency response function for the mid-span displacement
and bending moment.

decreases the end moments increase, but when the mid-span moment attains its absolute
minimum the end moments reach a local minimum.

10.5. FREQUENCY DOMAIN RESPONSE

The amplitude of the frequency response function for the mid-span displacement is
reported in Figure 16 for 0 < u < 1. A similar representation for the mid-span bending
moment is given in Figure 17. According to the results previously shown in Figures 5, 6
and 7, the peak amplitudes of both displacement and bending moment move to higher
frequencies for increasing values of u. The two ridges shown in Figures 16 and 17
correspond to the first and the third frequency as the contribution of the second frequency
vanishes, because the excitation motion is symmetrical. The amplitudes of the first peak
of the frequency response functions are reported in Figure 18 for 0 < u < 1. It may be
noted that the minimum displacement response is attained for p = 0-45, while the
minimum bending moment response occurs for u = 0-38.

11. CONCLUSIONS

A numerical procedure for the evaluation of complex frequencies and modes of vibration
of a simply supported beam with two rotational viscous dampers at its ends has been
presented. The orthogonality conditions for decoupling the equation of motion have then
been derived and complex modal analysis has been performed in order to evaluate the
dynamical response to impulsive and harmonic transverse accelerations acting at both ends
simultaneously.

Some numerical applications have pointed out that the dynamic response of structures
designed as simply supported beams, such as bridges and long span roofs, can be
considerably reduced by the use of rotational viscous dampers. An appropriate choice of
the damper constant allows for the maximum reduction of the dynamic response or for
an optimal overall design.
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APPENDIX A

The functions 4, B, C and D, introduced in section 4, are given by the relationships

_(EL+ FL)c — (FL — EDd _(GL + HDe — (HL — GId

A L2+12 ’ B L2+12 ’
c_(EL+FLYd+ (FL—EDc _(GL+ HDd+(HL— Gl
- L*+ P ’ - L+ P ’

where

c=Re[p]= [PENPFE g=Im[p] = 1 :
2 V2Ap+ -+ 4)

E = cos d cosh d(sin ¢ cosh ¢ — cos ¢ sinh ¢) — sin d sinh d(sin ¢ cosh ¢ + cos ¢ sinh ¢),

F = sin d cosh d(sin ¢ sinh ¢ — cos ¢ cosh ¢) + cos d sinh d(sin ¢ sinh ¢ + cos ¢ cosh ¢),
G = cos d sinh ¢ — sin ¢ cosh d, H = sin d cosh ¢ — cos ¢ sinh d,
I = sin ¢ cos d cosh ¢ sinh d — cos ¢ sin d sinh ¢ cosh d,

L =1 —cosccosdcosh ¢ cosh d— sin ¢ sin d sinh ¢ sinh d.



