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Vibration Attenuation

In Layered and Welded

Beams with Unequal Thickne
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Abstract—In built-up structures, one of the effective ways o

dissipating unwanted vibration is to exploit theweence of slip at
the interfaces of structural laminates. The presesrk focuses on
the dynamic analysis of welded structures. A matteral

formulation has been developed for the mechanissiipfdamping

in layered and welded mild steel beams with unedbalkness
subjected to both periodic and non-periodic forteis. observed that
a number of vital parameters such as; thicknes®, raressure
distribution characteristics, relative slip anddamatic co-efficient of
friction at the interfaces, nature of exciting fesc length and
thickness of the beam specimen govern the dampiagcteristics of
these structures. Experimental verification hasnbearried out to
validate the analysis and study the effect of thesemeters. The
developed damping model for the structure is fotmdbe in fairly

good agreement with the measured data. Finallyrékalts of the
analysis are discussed and rationalized.

Keywords—sSlip damping, tack welded joint, thickness ratio, i
plane bending stress

|. INTRODUCTION

ELDED joints are often used to assemble the fateita

structures. These joints have a great potentia¢doice
the vibration levels of these structures, theretisacting the
interest of many researchers to understand the anexh of
vibration attenuation. Goodman and Klumpp [1] exadi the
energy dissipation due to slip at the interfacea tdminated
beam. Studies by researchers such as; Goodmark§#ks
[3], Murty [4] have shown that the energy dissipatiat the
joints occur due to interfacial friction which isone than the
energy loss at the support. In fact following therkv of
Goodman and Klumpp [1], early researchers, sudiasuko
et al [5] and Nishiwaki et al. [6], studied the dzing capacity
of layered and bolted structures assuming unifer@nisity of
pressure distribution at the interfaces. Howeuagjrtwork is
limited to the layered and jointed symmetric stoues
vibrating under static conditions. Nanda [7] exaadinthe
interfacial slip damping in multilayered bolted wsttures and
developed a theoretical expression for the presdistabution
at the interfaces of a bolted joint by curve figtithe earlier
data reported by Ziada and Abd [8]. They furtheidsd the
vibration characteristics of bolted structures astiablished
the effects of number of layers, diameter of balsl use of
washers on the damping capacity.
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In their analysis they neglected the effect of lane
bending stresses on the slip considering the daygapacity
of layered and bolted structures with symmetric titarer
beams vibrating under static conditions.

The effect of non-uniform interface pressure disttion on
the mechanism of slip damping for layered and @iriheams
vibrating at static conditions has been examinestmty by
Damisa et al. [9]. Damisa et al. [10] also examittesl effect
of non-uniform interface pressure distribution ofme t
mechanism of slip damping for layered beams ungearmhic
loads. Though these researchers considered thdarne-p
distribution of bending stresses but all these yemesl are
limited to the symmetric structures with singleeifiace.

Although a lot of work has been carried out ondaenping
capacity of bolted structures, little work has beeported on
the mechanism of damping in layered and weldecctsires.
Recently, Singh and Nanda [11] proposed a method to
evaluate the damping capacity of tack welded sirest They
established that with the increase in the numbeadk welds
the damping capacity decreases.

Il. STATIC ANALYSIS

The two layered and tack welded cantilever beamainod
with overall thicknesst2, width b and length as shown in Fig.
1(a) is considered to find out the damping ratibe Toading
consists of uniformly distributed pressure at thterfaces due
to contact between two flat bodies, and a conceurimad P
is applied at the free end, X= Each of the two halves of
thicknessh; andh, is considered separately with the loading as
depicted in the Fig. 1(b). The continuity of stressl vertical
displacementV' is imposed at the interfaces. At some finite
value of P, the shear stress at the interfaces will reach the
critical value for sligr,, =up, where p and p are the

kinematic co-efficient friction and interface press
respectively. Additional static force due to exiita will

produce a relative displacemefti( x)at the interfaces.

Fixed End Layer 1 /1= nh;
I i

T——
R A

Welded Joint Layer 2

Fig. 1 (a) Two layered tack welded cantilever beaodel
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LIl bbbl bt | Invoki?g the relation between bending moment anwature
___________________ i we get;
____________________ _\E % B d’v
EEEEAR RN T MBS "
< ! . whereE is the modulus of elasticity
oM PYYI Y Y I Yy Putting expression (5) in (7), the following exmies is
J{,’mﬁw LP‘ . obtained;
Ty = Hp o= dv, 1 4pbnh
FM‘ZE,tf__t_t,_Lpz " X :E(a_ n+1 j(l_x) (62)
EEEE RN #v 1 oh
fo— x —le——1x — 2 :_(g—&](l—x) (8b)
dx® El, n+1

Fig. 1(b) Two halves of the beam depicting load
where,ll(bhf/12), Iz(bh23/12), v,and v, are the moment of
inertia and static response of the laminates 1 &nd
respectively.

Integrating expression (8) once we get;

A.Interface Pressure Distribution

Contrary to this, the pressure distribution atititerfaces is
assumed to be uniform owing to the contact of thgeun layer
over the lower one. Therefore, the relation for fanmmn 2
pressure distribution as given by Johnson [121 andVu :L(H_M‘j(|x__j+qa (9a)
Giannakopoulos et al. [13] due to contact of twat fiodies dx El, n+1 2

has been considered and the same is given by; dv, 1 L1pbh 2
P —==—| PR, - IXx—— [+ C}, (9b)
p(x):B (1) dx El n+1 2
whereP andb are the normal load per unit length and width of*N€r€ Cia, G, are the integration constant and is evaluated to
the beam respectively. be zero by putting the boundary condition,
. ) dv, _(dv, —0i ;
B.Analysis of Static Response ( % xj . —( % xj . =0in the expression (9).

The static response is evaluated considering tie

structure fabricated with cantilever beams of uid uFurther, integration of expression (9) yields;

thickness. The ratio of the two layers considesegiven by; _ 3(n+1)3 ( P ,upbhnj »®_x i (10a)

h_, @ Yo2EbRA( Y n+l )l 2 6 :

h, 3(n+1)° bh)( ¥

whereh,, h, are the thickness of the upper and lower layers, = (n+3) Pz_,up — = [tC (10b)

: : 2EbH’ n+l1 )l 2 6

respectively and is a constant.

Furthermore, where the integration constant,, = C,, =0

h+h =2h () sincevy| _,=v,|_,=0.

Solving expressions (2) and (3), thickness of thpen and  Fyrthermore, it is assumed that the continuity Egoaprevails

lower layers is given by; as such:

h=2m (42) v =v, (11)
Solving expressions (10) and (11) we get;

h, A+1 (4b) i n3P+n(2rf—n+l)Q a2

= a
1 3
The resultant moment at the centroid of each latairas n+1
shown in Fig.1 (b) is g:qven by; P = P+ ”g ”‘11) Q (12b)
_ L nh n’ +
My =R(=x)-up n+1(| % (sa)The two dimensional parameters Q and R are defised
M, =R, (I b—h | 5b Q= #pbh (132)
2 =Pl =X) = ppb—— (1= % COR o
where the subscripts 1 and 2 refer to the upper langr E

laminates respectively. MoreoveR), and P, are the static Using the expressions (10), (12) and (13), thdcstasponse

forces acting on the laminates 1 and 2 respectaglghown in in terms of “Q” and *R” are finally found to be;

Fig. 1(b). o (1)’ X\ _(x)’
Furthermore, L 4R( m +1) ( " Q)|:3(|_j _(T] } -
R+R=P ®)
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C.Evaluation of Relative Slip

The displacement at any axial position x ayid, =+h/ 2

e EGE G

are given by; The term in the bracket represents the static rautgion and
Ia _hdy (15a) satisfies the end conditions;
2 dx dV| d2
b dv, heo =0, = O, T b = O @
_—ja— dx+ (15b) x=0 x=i

2 dx but not the dynamic equilibrium equation;

These dlsplacements are produced by the resultéaitfarce Y, a v
,0A =0 (22)

F,,and momenM,,

beam as shown in Fig.1 (b). The parametgns, are the where, El andp are the flexural rigidity and density of the

vertical deflectionsE is the modulus of elasticity anaxl,aX2
are the in-plane bending stresses.
continuity equation prevails, i.ev, =v, = v

From the force equilibrium, the in-plane bendingesses in
the upper and lower laminates are computed as:

_ up(n+1) (1 -x)

1 2nh
L =2y
2 2h

Combining expressions (14), (15) and (®)d simplifying,
the relative slip displacement at the interfacagvsn by;

3(n+1)°h (n3+3n2+3n+])
Au=u,-y = P- Q|x
4(n3+1) RI 3n(n+1)
(17)
2
]
| |
(n3+3n2 +3n+])
Slip will occur only ifP > P, =>—w—+—*
3n(n+1)

where, P, is the critical static load. This is the minimuoadl
required to initiate slip.

Ill. DYNAMIC ANALYSIS

For the forced vibration of a cantilever beam, #tatic
analysis has been extended to include distributedia forces
and examine their effect on the mode shape, sSipilolition
and energy dissipation due to slip. The presemhditation is
the extension of static analysis as depicted inpileeeding
section for the beam as shown in Fig. 1.

A.Analysis of Dynamic response

about the centroid of each half of the El 52 ax o4

beam, respectively.

It is assumatl tte The displacemen¥, produces the dynamic loads as given by;

e w

whereA is the cross-sectional area of the beam.

(16a) Moreover, the displacementV() representing vibrations

produced by the force function (23) is expressed as

(16b) i z¢| (t) X (X) (24)

|
where X;(x)and ¢, (t)are the modal and time-dependent

functions, respectively.
v, must satisfy the end conditions;
2
Vil =0 :0;% = O;d V;I
= dx |, dx
X; (x) are the solutions of the expression (22) and gadisfie
end condition as given in (25). Thus we get;

=0V, =0 (25)

x=|

X; =sinhk I sink (1-x) - sink | sint (1- x) (26)
wherek; are the roots of the following expression;
tanhk;| = tark| (27)

The total displacement is then given by;

_g E::l)l)[g('_x]z __;(lzﬂ (+Xa0x (9 @

Applying the principle of virtual work, TimoshenK&4] has
shown that the time-dependent functiogig(t) must satisfy

the differential equation

4
hrig =0 (Y 9)

The forced vibration of the beam produced by a timavhere the dot superscripts denote differentiatigih wespect

dependent displacement at the unsupported end &es bto time. The coefficientsl are obtained by expanding the

considered such that;

V|><:I =f(t) (18)

Following Timoshenko [14], the dynamic displacemést
composed of two parts;

VEV oty (19)

where

force function (23) in a series of the normal fumas,X; .
Thus,

S ot 13 -2 -

mf(OYR%  (30)

and the coefficientsh) are obtained from the following

expression;
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b = ] (31)
I XZdx
0
Integrating the expression (3D)is finally found to be;
o(n+1)°
b = (n+1) (32)

a(n® +1) kI (sinhk 1 - sirk 1)

The general solution of expression (29) is given by

¢, (t)=Acospt+B sinpt—ﬁj[ fsin p(t-r)dr (33)
P
where

(B,
p.—(Aij

Constantg\, andB; are evaluated from the initial conditions;
v(0)=U(x,0) (34a)
v(0)=V(x0) (34b)

Putting expression (28) in (34),andV are evaluated as;
9+’ 3(x)_1(xY’
st ) - roezin
_(n+1)3 1y xy;
V-g(n3+1) z(lj 2(1) O+ x{Bp} (350)
Moreover;
9(n+)’) 3(x\*_1(x\’|
8(n +1){2(IJ 2('” Z‘km
Putting expression (36) in (35) and simplifying ge;
0)=3x{A+p (0}
=Y x{Bp+pT(0)

Putting the initial condition&J=V=0, the constants; and B;
are found as;

A=-41(0)
5 =-211(0
Substitution of expressions (33) and (38) in (28)ds;

v(xt)= 9%n+1)){3(xj2_;(lxjg} )—f(o)Zb)gcospt
P

ZHX sinpt— Z

d ﬂ

(35a)

(36)

(38a)

(38b)

(39)
f(r)sing(t-7) o

o‘—."'

Integrating and simplifying the expression (39 thansverse
deflection is finally found to be;

9(n+1)° 3(xj2 1( xjs
v(xt)== 2= =] f(t
(x9 8(n3+1) 201) 2l (1
(40)
—Zquf th){ pj r)sin p( t7)dr
B.Evaluation of Dynamic Slip
The relative slip at the interfaces under dynaroiedition is

evaluated by combining the expressions (15), (1) @O0).
The relative slip at the interfaces is given by;

+1)° upl?

9(n+1)° upl (2x ¥ 4 pdv
8(n® +1) En dx

Utilizing the expression for mode shape as given(48) in

(41), the relative slip is modified as;

e 39

"8y B0 2
+hth[sinhll<lcosll<( I- )= sink | coslk( 1= ¥]

{f(t)—p,jf(r

0

E “1)

Au =t -4 =-

(42)

jsn(t-r)or

C.Analysis of Energy Dissipated

The energy is dissipated due to friction and regatlynamic
slip at the interfaces. For completely reversedlilog the

product of the shear forcgyp and the relative displacement,

Au is integrated over the length of the beam whideuisd to
be equal to one-fourth of the energy dissipatioa tomplete
cycle.

Thus, energy dissipation per cycle as establislye@dndman
and Klumpp (1956) is given by;

E,.= 4bj' rxyAu( X d x= 4u plj( Y- u)d (43)

where, u, and u, are the displacements in the x-direction of

points on the adjacent faces of the upper and Ibabrbeam

(37a)respectively.

Substituting the expression (42) in (43) and irdégg, the

(37b) energy dissipation per cycle is given by,

Eioss = 44 pb o Er

The expression (44) is modified putting two dimensi
parameters Q and R as given by expressions {13(d)13
(b)} and the same is given as;

Ess =4Q[ f(t)-—(nﬂ)2 9]

f(t)—_('"ﬂ)2 &'2]

6n R

D.Evaluation of Loss Factor

In vibration problems, it is most convenient to egs the
dissipative properties of the system

(44)

(45)

in terms ofm-no
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dimensional quantities such as the damping rédficand loss
factor 17, defined by;

E|OSS
== 46a
Y E. (46a)
— Eloss — ‘/’
== 46b
s 2nE,, 27 (46b)

where, E,, is the maximum strain energy stored in the syster

The maximum strain energy stored in the systeneimg of
dynamic deflection at the tip of the beam is gibgn

£ =5 K 1(9] = R ()]

Where( = %) is the bending stiffness

(47)

Putting expressions (45) and (47) in expression(a6and
simplifying, the damping ratio in terms of dynamtip
displacement is given by;

n+1)°
w=—2_l(y-Q
RLF(1)] on R
Putting expression (48) in expression 46(b) andokiying,
the loss factor in terms of dynamic tip displacetrisngiven

as;
__ 2 (n+1)° Q
s = 2 f (t)_ =
R (1)) on R
This result clearly indicates that the value fopression (49)
cannot be fully determined until the forcing timepgndent
displacement functiof(t) is fully specified. Consequently, we
limit our analysis to the following case namely:
wherew is the excitation frequency
@) f(t)=FH (t-t,) (50a
where H(t) is the Heaviside function ang is the
amplitude
(b) f(t)=F, g«

(48)

(49)

(50b) different
experimental

i -— /
| A RS S—

] (<]
2. Amplifier

1. Output vibration pickup 3. Vibration aceuisition

4. Vibration analyzer 5. Power supply 6. Distnbution Box

7. Power amplifies 8, Vibration Generator 9 Input excitation prckup

10. Tack weldsd cantilever beam 11. Fixed end

Fig. 2 Experimental setup
TABLE |
DETAILS OF MILD STEEL SPECIMENS
Thickness  Width of Cantilever Type of
of the the length welding
specimen  specimen (mm)

(hy+hy) (mm)

(mm)

(6+6) 40.2 Tack
(8+4) 40.2 520.6 .
(9+3) 40.2 Welding
(10+2 40.2

(6+6) 40.2 Tack
(8+4) 40.2 560.4 .
(9+3) 40.2 Welding
(10+2) 40.2

(6+6) 40.2 Tack
(8+4) 40.2 600.6 .
(9+3) 40.2 Welding
(10+2) 40.2

The frequency response has been generated farghéotir
modes of the vibration. The frequency response exurat
loadings are shown

damping ratio is then

The dynamic response, slip and the loss factor Hsen experimental FRF curves.

evaluated for the above cases bft) putting the expressions
{50(a) and 50(b)} in (40), (42) and (49).

IV. EXPERIMENTAL SETUP AND EXPERIMENTS

An experimental set-up as shown in Fig. 2 has been

fabricated to conduct the experiments. The specnae
prepared from the stock of mild steel flats by tagiding two
layers of various thickness and cantilever lengtte details of
the mild steel specimen used for experimentatiengaren in
Table 1. The cantilever specimens are excited veanally by
a time dependent displacement at the free endthétihelp of
vibration generator. The input excitation and otitgibration
are sensed with vibration pick-ups and the cornedipy
signal is fed to a digital storage oscilloscope olhiis
connected to the computer with vibration analyzdtweare i.
e., Lab View of National Instruments limited.

Semilog Magnitude

0 50 100 150 200 250 300 350 400
Frequency (Hz)

Fig. 3 FRF plot at harmonic loading for jointed amelded cantilever
beams of dimensions=600.6x40.2x3 fnm

in Figs. 3 and 4. The
evaluated using
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Semilog Magnitude

0 50 100 150 200 250 300 350 400
Frequency (Hz)

Fig. 4 FRF plot at Heaviside loading for jointedlamelded
cantilever beams of dimensions=600.6x40.2x3*mm

V. RESULTS AND DISCUSSION

The loss factor for two layered and tack weldeddrsileel
specimens of unequal
numerically using the expression (49). From thialgsis the
following inferences have been drawn as detailetbvhe
Energy loss in the welded structures with variduiskness
ratios for a particular configuration has beentelbtin the Fig.

5.
I_

=} [=] =}
A o o
L L

=}
9

b

Normalized Fnergy loss s

=1

(=}
—
(=)
w
A
,

Thickness ratio

Fig. 5Variation of Energy loss with thickness ratio foelded
cantilever beams

All other parameters remaining constant, with thiess
ratio greater than one, initiation of slip requiraslarger
displacement and the energy loss reduces comparebet
jointed beam of equal thickness. In other wordsergy
dissipation is maximized by having the slip intedaat the
centroid of the total beam cross-section. The tianaof
critical load and amplitude has been plotted in Big

1 9
0.9 1

0.8 A

=1
-1
L

=1
(=1
1

Nomalized Critical Load ——

f=}
¥

0 1 2 3 4 5
Thickness Ratio >
Fig. 6(a) Variation of critical load with thicknesstio for welded
cantilever beams

thickness have been found out

—

0.5 1

0.8 1

0.7 A

Normalized Critical Amplitude—=

0.5 T T T T 1
0 1 2 3 4 5
Thickness Ratio

Fig. 6(b) Variation of critical amplitude with thiness ratio for
welded cantilever beams

0715
Slip
0.50
025
o
1 06 02 Lo
R s el VR
Thickness ratio ’

Fig. 7 Surface plot of normalized slip with axiasition and
thickness ratio

From the plots it is evident that the critical loahd
amplitude increases with the increase in thickmasi®. The
variation of relative slip with an axial distanaerh the fixed
end has been plotted in Fig. 7. From the figurés iguite
evident that the relative slip increases with tistashce from
the fixed end. Moreover, the relative slip is maim at
thickness ratio of one and decreases as the miiwieased.
In welded beams of equal thickness the slip surfaca the
centroid of the total beam cross-section.

It is evident from the expression (49) that for Heam with
the same total thickness, the loss coefficiennisdased by
having laminates of equal thickness. However, fointgd
beam with laminates of unequal thickness, the oofstip is
delayed due to higher critical load, as comparethab of the
laminates of equal thickness as evident from theressions
(17) and (42). The reason being, slip interfaceds at the
centroid of the beam in case of layered and welded-
symmetric beams thereby raising the critical load.

The variation of energy loss with the initial antplie of
excitation for the layered and jointed beams of regtnic and
non-symmetric beams has been plotted in Fig. 8mFiiae
figure it is apparent that the energy dissipatiocréases with
the increase in initial amplitude of excitation.oRr the
expression (45) it is deduced that the energy lhss to
friction is directly proportional to the initial golitude of
excitation which establishes that energy dissipatis
enhanced with increase in initial amplitude of &addn.
Further, the relative slip at the interfaces isréased due to
increase in initial amplitude of excitation as skhovin
expressions (17) and (42), thereby enhancing tleeggrioss
due to friction.
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The variation of dynamic response with an axiatatise
from the fixed end and normalized time has beertgioin

100 Figs. 13 and 14. From the figures it is inferredttthe
075 dynamic response increases with the distance framfiked
Energyloss g 59 end and is maximum at the unsupported end.
025
0.00 0d®’
0 02°%  Amplitude (rmm) s
Thickness ratio 3 08
Fig. 8 Surface plot of normalized energy loss aithplitude and Dynamic stip °°
thickness ratio E:
The dynamic response of the two layered welded beam *do 04 03 10
with various thickness ratios have been shown éFRlgs. 9 Nomad,m(m];g)” 16 59 02 04 g

and 10. From the figure it is evident that the dyitaresponse
decreases with the increase in the thickness ratio.

e e

100

0.75
Diynamic response
1]

3T i
Thickress mtin . ¢ 5 n2 U4 L
Fig. 9 Surface plot of dynamic response with ag@sition and
thickness ratio greater than one

10
0z

N 05
r1esf0onss
! PO g

02
nn

0.4
T

Thickneae ratio
Fig. 10 Surface plot of dynamic response with ap@gition and
thickness ratio less than one

Lo

The variation of relative slip with an axial dist@nfrom the
fixed end and normalized time has been plotteddgs.R.1 and
12. From the figures it is quite evident that tledative slip
increases with the distance from the fixed endiamdaximum
at the free end.

Fig. 11 Normalized slip profile at Heaviside loaglifor jointed and
welded cantilever beams

Fig. 12 Normalized slip profile at harmonic loadifog jointed and
welded cantilever beams

10
08
06
Dynatvic response 0.4
02

Fig. 13 Normalized dynamic response profile at Higde loading
for welded cantilever beams

Dynamic response g 4

0.2
0.4 06

Normalized tirms (cyclss)

Fig. 14 Normalized dynamic response profile at faanmloading for
welded cantilever beams

The variation of relative slip with respect to dxitistance
from the fixed end versus frequency ratio for Hemké and
harmonic loading have been plotted in Figs. 15 &sd
respectively. From the figures it is concluded tie relative
slip increases with the distance from the fixed emtl is
maximum at the unsupported end. Moreover the weadlip
increases in the pre-resonance region with thee&sing
frequency and is maximum at the frequency ratiord, i. e.,
at the resonant frequency. The variation of dynamgponse
with respect to axial distance from the fixed enersus
frequency ratio for Heaviside and harmonic loadiage been
plotted in Figs. 17 and 18 respectively. It is evithat the
dynamic response increases with the distance franfiked
end and is maximum at the unsupported end. Morether
dynamic response is maximum at the resonant freyyénre.,
at the frequency ratio of one.
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20
10 1.5

Frequency ratio

406
o 008 05

Fig. 15 Normalized slip profile at Heaviside loaglinith respect to
the frequency ratio

10
02

06

Drymarnac sy
i 04
02

0o

15 20

00
02 g4 .
Frequency ratio

2 06
oL 0% qp il

Fig. 16 Normalized slip profile at harmonic loadiwgh respect to
the frequency ratio

0.3

06
Dymnamic response
VI P 04

02
o0
00 02 15 20
2 04 o - =10
o 08 g 0o Frequency ratio

Fig. 17 Normalized dynamic response at Heavisiddiloy with
respect to the frequency ratio

1.0

08

0
Diynamic responise
0

2.0
10 1.5

L -‘-"}_
L oo 0.0 Frequency ratio
Fig. 18Normalized dynamic response at harmonic loading wit

respect to the frequency mati

The theoretical loss factor has been evaluatedsdoious
configurations and vibration conditions using theression
(49) and plotted along with the corresponding eixpental
ones as solid (——) and dotted lines (------ ) asvehn Figs.
19 to 21 respectively for comparison. It is obsdrtieat both
the curves are in good agreement with a maximunatian of
9.8% which authenticates the theoretical analyBig. 19
shows that the loss factor decreases with the aserén the
initial amplitude of vibration at the free end betbeam model
although increase in the amplitude of vibratiorseai energy

loss due to friction. The strain energy introdudatb the
system is proportional to square of the amplituslegiaen in
expression (47). However, the increase in amplitafe
excitation increases the input strain energy atghdn rate
compared to the energy loss due to friction whihiriearly
proportional to the initial amplitude as given irpeession
(45), thereby reducing the damping capacity.

0.1 7

n=h/h, ——n=2

0.08 1

0.06 A

Loss Factor
<
<
=

0 01 02 03 04 05 06
Amplitude (mm) ———>
Fig. 19 Variation of loss factor with amplitude fointed and welded
cantilever beams of dimensions=600.6x40.2x6°mm

From the Fig. 20, it is concluded that the dampiagacity
decreases with the increase in thickness. Fronexpeession
(47), it is evident that the strain energy introgldidn to the
system is enhanced with the increase in thickriegstessions
(17) and (42) reveal that the increase in thickies®ases the
relative slip thereby raising the energy loss. éiitgh the
energy loss is enhanced with the increase in tieisgnbut the
damping capacity is reduced as the dissipatiomefgy is at a
slower rate compared to that of the input straergn

0.08 7
0.06 1

0.04 4

Loss Factor

0.02 §

0

2 3 4 5 6 7
Thickness (mm) —>
Fig. 20 Variation of loss factor with thickness fjomted and welded
cantilever beams of dimensions=600.6x40.2%rand
amplitude=0.1mm

Damping capacity of the layered and welded strestur
increases with the increase in length as showrgnZa. With
the increase in length, the interface area is ag&d resulting
in greater dissipation of the energy due to frictio
Furthermore, with increase in length of the joinbe@dm, strain
energy introduced into the system is reduced ageatifrom
the expression (47). Hence, the overall effechisnarease in
the damping capacity of the system.
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500 520 540 560 580 600 620
Length (mm) —————>
Fig. 21 Variation of loss factor with length foiineed and welded [11]
cantilever beams of dimensions=40.2x6 hamd amplitude=0.1mm

VI. CONCLUSION [12]

A mathematical model for the investigation of thq13]
mechanism of slip damping in layered and weldedcsires
with unequal thickness, subjected to dynamic camubt has
been developed. In the present analysis, explitittisns has
been found out for the dynamic response, slip, ighssd
energy and loss factor for the welded non-symmeaitilever
beams under both periodic and non-periodic foréimgtions
of the Heaviside and harmonic type. Proposed maitieah
model for damping is validated by conducting experits. A
set of measurements have been taken, which sersed a
qualitative, experimental validation of the procegluFrom the
analysis, it is inferred that the damping capacftiayered and
welded structures is substantially enhanced byidating the
structures with symmetric beams. It is also obsgthat onset
of slip is delayed in the structures fabricatedhwieams of
unequal thickness. Energy dissipation is maximizgdhaving
the slip interface at the centroid of the totalrheaoss-section
which is the case of jointed beams of equal thiskn€&urther,
it is also deduced that the pressure distributiwaracteristics,
relative slip and kinematic co-efficient of frictioat the
interfaces, length, thickness, and dynamic ampituof
excitation are the vital parameters influencing tte@mping
capacity of fabricated structures with unequal khéss. The
present analysis will help the designers to mode¢ t
complicated realistic structures in which slip damgp is
predominant.

[14]

REFERENCES

[1] L. E. Goodman and J. H. Klumpp, “Analysis ofpsliamping with
reference to turbine blade vibrationJournal of Applied Mechanics
vol. 23, pp. 421-429, 1956.

[2] L. E. Goodman, “A Review of Progress in Analysi Interfacial Slip
Damping,” Proceedings of the ASME Colloquium on Structural
Damping New York, pp. 35-48, 1959.

[8] S. W. E. Earles, “Theoretical Estimation of tRectional Energy
Dissipation in a Simple Lap JointJournal of Mechanical Engineering
Sciencesvol. 8, pp. 207, 1966.

[4] AS. R. Murty, “On damping of thin cantileversPh.D. Thesis
Department of Mechanical Engineering, 1. I. T., Kdgpur, 1971.

[5] M. Masuko, Y. Ito, and K. Yoshida, “Theoreti@alalysis for a damping
ratio of jointed cantibeam Bulletin of Japanese Society of Mechanical
Engineersvol. 16, pp. 1421-1432, 1973.

[6] N. Nishiwaki, M. Masuko, Y. Ito, and I. OkumurdA study on
damping capacity of a jointed cantilever beam (IReport;
Experimental Results),Bulletin of Japanese Society of Mechanical
Engineersvol. 21, pp. 524-531, 1978.

B. K. Nanda, “Study of the effect of bolt distere and washer on
damping in layered and jointed structureggurnal of Sound and
Vibration, vol. 290, pp. 1290-1314, 2006.

H. H. Ziada and A. K. Abd, “Load pressure dizition and contact
areas in bolted jointsfhstitution of Engineers (India)ol. 61, pp. 93-
100, 1980.

O. Damisa, V. O. S. Olunloyo, C. A. Osheku, ahdA. Oyediran,
“Static analysis of slip damping with clamped laated beams,”
European Journal of Scientific Researalol. 17, no. 4, pp. 455-476,
2007.

O. Damisa, V. O. S. Olunloyo, C. A. Osheku, andAA.Oyediran,
“Dynamic analysis of slip damping in clamped layebeams with non-
uniform pressure distribution at the interfacd@durnal of Sound and
Vibration, vol. 309, pp. 349-374, 2008.

B. Singh and B. K. Nanda, “Effect of welding on thlgo damping of
layered and jointed structuresJournal of Engineering Mechanics
ASCE vol. 136, no. 7, pp. 928-932, 2010.

K. L. Johnson,Contact mechanicsCambridge University Press, New
York, 1985.

A.E. Giannakopoulos, T. C. Lindley, S. Suresh, abd Chenut,
“Similarities of stress concentrations in contact@nd punches and
fatigue at notches: Implications to fretting faggarack initiation,”
Fatigue Fracture in Engineering Materials and Stwres vol. 23,
no.7, pp. 561-571, 2000.

S. TimoshenkoVYibration Problems in Engineeringyan Norstrand Co,
Inc, 3rd Edition, pp. 371, 1955.

636



International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:6, No:8, 2012

B. Singhis an Asst. Prof. in the Department of MechankEagineering,
Sir Padampat Singhania University, Udaipur, Rapasthndia. He graduated
from National Institute of Technology at Kurukstetindia. He completed
his Masters from National Institute of Technology Rourkela, India.
Currently, he is pursuing his research work unterguidance of Prof. Dr. B.
K. Nanda. He has teaching experience of more tleanyears. He has
published 21 papers in international journals aodferences. His research
area is structural vibration.

K. K. Agrawal is an Asst. Prof. in the Department of Mechanical
Engineering, Sir Padampat Singhania University, ilala Rajasthan, India.
He graduated from Government Engineering Collegewa&R India. He
completed his Masters from National Institute ofcfiology, Hamirpur,
India. He has teaching experience of more thany®ess. He has published
2 papers in international and national conferenks.research area is heat
transfer and vibration.

B. K. Nandais a Professor in the Department of Mechanicalifaeging,
National Institute of Technology at Rourkela, Indie has both teaching and
research experience of more than 31 years in ¢ éf machine tool design
and structural vibration. He has published morenth#s papers in
international and national journals and confereniceduding Journal of
Sound and Vibration, International Journal of Adamss and Vibration,
Journal of Vibration and Control, Structural Engirieg and Mechanics: An
International Journal, Australian Journal of Medbah Engineering and
Transactions of the Canadian Society of Mechanttadineering. He has
reviewed many papers of international journals likeirnal of Sound and
Vibration, Transactions of CSME, Trends in Appli8diences Research and
many others. He is a member of the Editorial Bazrthe journal: Trends in
Applied Sciences Research. He has been awardednaitly gold medals for
his scientific publications.

637



