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Chapter 10

Yibration Measurement
and Applications

Volta.ge sensit«'v{tj = V = 0:098 voLt-meter/Ncwton
thickness= t = 2mm= 2.

{ooo
output voltage = 220 volts .  pressure applied= p = 2

E= vt P, > 220 = (°'°73)(aoio) Fx
1;1 = 1-i224 X (0° N/m?

m= 05 ka, % = (0000 N/m, c~ O
amplitude = Y= 4500 m
total displacement of mass= x= 2/p00 m

relative A.'spla.ce\men-l: = 2= x-Y%= 3/,000 m

} X
Z = _r___‘(- i-e., 8 - (‘fAuoo}fz = rz':_ 2_/
1-r* 1000 2 3
f—-r
W
@y = 08165

r=
W= r@n= 0-79165 /“’T°;’—°- = S- 4705 rod [sec =18.3777 Hz

rz Y c
A - where YT = =
Jer )+ @) Gt V2

_ r>Y rtY
- w2)* \2' - 4
@-r*)+ (v r) 1+
SPeeo\ range:
500 Tpm = 52-36 vad/sec - 1500 rpm= [57-08 rad/sec
x= X s &t ; rry

Z = = = (El)
J(1—r1) + (2771)

cAse(i): Let T=o

Ep-(Er) gives, for 2/, error,
—— R —— . - i -
Y [v2-1] l-02 > r= W, = 71414
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n= 7-(:ZH+ = :_?:w' or _;s':‘: = 70-0143 or 210-0428 Trpm
= 1-1669 or 3.5007 Hz = 7-3319 or 21.9957 rad /sec
L W,= (1669 Hz
case (i) Let T= o
EZ.(E,) gives A r?

Y T J0- Y« (2e0)E T & = o2

0-0404 v+ - 05826 r% + 1-0404 =0
Wb;cl‘i 9|'Ves‘

>

r= 202562, 3.054¢

Since the guantity E attains maximum at

i
r_

= == = 1-8898 for Y=o
Ji-2%

we use T = 2.2562 -

Maximun @, = C‘S/r = goo/(’Z-ZSGz x60> = 3-6935 Hz

Error factor for vibrometer is re

E= e w2
JG-r) + (2 70y
Maximumoj: E oceurs at * 1

r P
1-2%*
| " Ji-23°

For ¥T=0, E::T—r-;T and R |

4 € ¢ < 00, wWe use

Since the range s r= 4 for maximum

error. 2
PL
EI = ————— = [-0667
r=4 [1-4%]
Percent error = (E-()t00 = 667/,

Error factor = E = r ]
V@2 + (2yvy

E attains maximum at * - 1/,,_2_3-?-'
For ¥=0-€7, ¥ _ 3,281 oand E |
r

= |-0053
Percent error = o-5BZ

™, T=0:67
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Select the vibrometer on the basis of lowest freguency being measured.

(@) 3=0": .
From E‘Z'('o'-@)’ Z - 103 = . vtz 103 -3 ‘-3333
' b lf"—i| 0-03 +
%)
r= = = 27w (500) _ .95
e, —o 5. = 5859
Wn = 8.9359 vrad/sec = 1-4222 Hz
B v= o6 :
rZ
From Eg. (019), Z . 1.03 = = = E
Y - ‘[(1_\,7-)7-‘1- (zTr)l
Go3)’ {e+r¥-2r+ 4rts*} - 4
e 0:057404 r4 ~o05¢ % + 1 = o
i~e. r* = 2.3535, 7.4018
i€ Y= 1-534-11', 2.7206
By selecting r=2.720¢,
o, = 1000 7 '
G0 (2.7206) | L ]
1T° 7~
= 19,1458 rad [2ec : ] i
= 3.0630 Hz | I
T . l -r
T"le 8“0-71*”:5 E attains 1:5341 T 27206
maximum ok 1-899%
r= —> — - {.399%
yt-27%
for T= 0-¢. Hence we hane
bbb take r= 2.720¢ +to aveoid
pear of E.
St = “'9—25 ™, (9= 4000 rpm = 418.88 rad/sec
On = d’/é'st = ?'“(%3 313209 rad /sec
r= W/, = 418-83 /31.3209 = 13.3738
Let T=0:
2 2 2
Error factor = r ‘ - r = 13.3738
JQ-rL)‘+(zTr)1 czo [1=r*] !1_13.31381

= 1.005¢
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(i) Maximum oln'srla.cemen‘l: =YY= 2/1.005¢ = %,0055 =0:9944 mm

(;l’) Maximum VElOCl'tJ: WY = (4,8-83)(0,9944_3= 4“6'5473 mm/;ec
(iii) Maximum occeleration = sy = (418-89)(0.9944) = |74 49335 ™m/ec?

L
¥ Vet ey @)
1

Maximum of % occurs Wwhen r:r*='\j-1=z._r_-.7 (s'ee. %-(3084—))

FOT‘ T= 0:5 ) * — —L— — . » 2 -
rt= == = 442, (r*®) 2
2 2
z| = , = == 11547
?-ir* Ja-2)" + (2x 0.5 x 1-4142)F
When error is ome percen{:, ._Z‘Y— = l-ol or —;- = 0.9901
Ep (E1) can be rewritten as:
1£|* - @-r + 4x"r?
B E r4
A
For % = 09901 and Y= 05, (E;) becomes
z
00197 v¥ - v + 4 z o0 Ria'd
r": 1-:0203 , 49-74 (1 I-l547/}\’*
- U _ 1 —
v = o, = l-ol10t, 7.0527 t ! : E
Lowest freguency for v !
ene percent accuracy ! I :
= 7.0527 (5) L L e
0 T N
= 35.2635 Hz 5 442 R
° o
- [ d
Frezuean fange > 100 Hz , maximum errov = 2/,
4= 4000 N/m, C=o0o=>T=0, m=z= 2
For vibrometer with T=o0, zZ _ r?
Y /Q-r‘)z+(zrr)z T=0
rz
. - Il- rz’ "OZ
or Y‘/(l—r‘) = — 102 since r must be greater than one
for higher freguencies
or Yzz 51 e, Y= 7-14 14
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Min/mum x'mPl'eSSeo‘ ;Freguencj = = 10 Hz

Since  r= Oy - 100/cs,, = 7+i414 , 3, = 14:0029 Hz = §7-9827 ":':'

2 = VY

m= %/ 4.000/(87-9927)2= 0:5167 K9

@ W= 10 Hzy, W= g Hz = W, \fI-37 o Ji-T2 > Y= 06
Let the lowest Sreguency = W, » r, = ’@o/wn

0.=

LJ -
Evror = 2/, in the range TV, < r < oo
rz
Error= E = 102 =

\fq-—r‘)"+ @x o6 r)?
=> 00404 r* - 0.5826 v* + 10404 =
= r= 2.2562, 3-0546
Let v,= 2.2562:

W= YoWn = 2.25¢2 (16) = 22.562 MWz
Let 1= 3.054¢:

Wo=To Wy = 3.,0546 (le) = 30-54¢ Hz
Lowest freguency = 22:562 Hz = 141.7616 rad/sec

Error factor for accelerometer = E=J A !
(-r¥)*+(25r)*

Maximum of E occurs ok 1% - ,’|_ 2v*

[v-r2|
Since the range IS o< r < 065, wWe Uuse r= .65 :
E, = 1 -
r= 065 11_ 0065;, = 1.731¢

Percent error = (e-1) 100 = 73-IGZ

Error factor = g = : ,
J(i—r‘)z + (z‘rr)"

Value 0f r at which E attains maximum is Y%=z J1-27%
when T= 0.75, L

=7 Jary T and rF=yi-1125

'
+2:25° —imaginary

Since the range is o< v =< 0.6,
1

\/(1- 036 ) 4 2.25 (0-6;
Percent error = (5—1) 00 = “9'45Z

we use rv= 06

Ir=0-6 = = 0:9055
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m= 0:05 %3 » ™ax error = 3 /, over freguency range of o to 100 Hz
Find and c,

i
For accelerometer , error fa.d:or = E= = =
Ja-ri @y r)®
E attains maximum at v = p* = "I—ZT"

and Emax = E'\’*' S T
ZT‘h-

(i ) Consideration of moaximum error:

1
v fi-¥%

upon rvearrangement, this leads to 5% 4+0.23565 = o
or T= 06164, 07874 '

It error= ez E-1= .03 =

* ai' T=0:'6164 = \/1- z(o-CISG)z‘ = 049
¥ ok N=0'79874 = /'_. 2_0«,.7974.)"1 = imagina.ry

(ii) Consideration af minimum error :

Lokt erroY=e= E-| = —0p.03 = 1 -1 (EJ)

VG- rY + s

with Y= 0:6le4, EZ (E|) can be meP' ;FICCJ as
r4 - 04802 T‘ - 00628 =0
> 1%z 0:537, — 0:1069 or r= o-7662

At the maximum freguency,
w= 27(100) = ¢28.32 rad [sec
WOp= Gy = 62‘3'32/:-7662
= 820-0470 rad [sec .
k= m e’ = 005 (920.047)"
= 336238541 N/m

c
C=2m W, = _T— > c= 2m W3, % = z(o.o;)(gzo-on(ﬂ) (o-6l64-)

= 50:5477 N-4/m

- m= 01 K9, %= 10000 N/m, c=o0o=> T =o0
Wn= ¥4, =\}ioooo/°.. = 316-2278 rad /sec
Engine JyeeJ = W= 000 rpm = (04-72 rad /sec

r= Ao, = 104:72/316.2278 = o-3312
peak-to- peak travel of mass = lo mm
Fnd: Y, wY, wtyY.
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We have , {rom Eg. (10-19),

2 2
Z r o- 3312
—_— = 1 = = o-1232
Y Ig=o |1-r*| [t = 03312 I
Since peak- to- peak travel of mass = Io mm, Z = 5 mm

Y= Z/O-|232 = 5/0.4232 = 40.-5844 ™mm

Max displacement of foundation = Y= 40.5944 mm

Max ve‘oc-"'r'j of ;fou.nafa-f«‘:m:(d‘t = 4249-9984 "'"""/sc:
Max accelinoliom of foundation = 9*Y = 4450598291 mm /seJ

-5-°—:'. 0-5S

@ Maximum sPeccl: 3000 Tpm = SO Hz 30— 09n = oo
1
For accelerometer, '—————2_ 5 = {+error= 0.9 (el)
Ja-rD*+ @37)
c 20 _ o0-.015915

Here €= 20 N-4£/m ; Y = =
Tmw, 2m (aooxz“n‘) m

For r=o.5, Ez.(Eg) 9ives T =o- 8198
¢ = —;_—' = 20%-3[98 = 24-39¢2 N"’/"‘
Ce 24-.3962 — 0:.01941 kg = (941 9rams

m=

209, 2(100x21)

4= m&t= o0.019 (100x2w) = 7622-7967 N/m

@ o, = 27 (o-s) = T vad/sec ; Wy = W, yI-7*
vi- J/a’ 48,5 > y= o213
h= “"/&’n 4T /r =4 ;3 1Bp=Cs, =3 ; = Wil = 12

é: = tan (zrr§>

[ r:

#l = t.ﬁ'(M = — 3.4934°

1-16
¢z= fan"(l""‘?"i') — 4. 665
|-
- tan ' ML”;) = - 2-6905°
p3= ( Y
2
Tl
= — x20 = 21-0994
\@' n) 4 (23n)*
2
L) x 10 = 10-133)

/(T_ Tz:.)i + (2. Trz)2'
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re

‘/a \r,")z + (2% 7'3)"'1

Record indica ted BJ vibrometer is given b‘y

x5 = 5.029%

}(t) = 21-0994 sin (4-rr{: + 3.4.934°) + 10°1331 sin (nrt+ 4-06'75")
+ 5:0294 sin (2Tt 4+ z.gqog".) mm

@ x(t)= 20 sin 5ot + § sin 1sot mm (E.)
z(t) = —20 (;o) sin 50t =5 (lso) sin 150t """/Sec
= —50000 Sin 5ot — 112500 sin 150t vam /sec? (e2)
W, = 100 rodfsec , Wy =@, i-3° =80 5 ¥v=o-c
M= . =T =05 = = 22 _
! Wy T (00 =05 100 =[5
-1/ 27T - .
¢|={'a.n( T‘>=h'(2x06x05)=38"5?8
t-r?* {- 0-25
_ -l /237 1N —l F2x06x5\ _ _c5.2222°
#, = tan ( ) tan ( s )-
- -
50 000
— - = 520579206
/Q-r.") +(zrr,)"

112 500 = 53356229

Ja-2)F+ @It

output of the accelerometer is given by

3({:) = -52 057-9206 sin (5ot - 38-6598°')

—51335.6229 sin (150t +55-2222°) mm/se.c" (e3)
It can be seen that Ep- (Eg) is substant; ially different
frem &. (E).
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For given beam,
A =(1.6 x 25) mm? = 40 x 1076 m?, /1.6 mm

1
I = — (0.025) (0.0016)° = 8.53333 x 1072 m", f— 1

€ =0.05m to 0.25 m. 1

EI |?
For a cantilever beam, Fig. 8.15 gives o = (B, ¢)? [ ]

where (B, ,)% = (1.875104)% = 3.516015
(B, )2 = (4.694091)2 = 22.03449
(B3 €)? = (7.854757)2 = 61.69721
([34 €)2 = (10.995541)% = 120.90192

For spring steel, E = 200 x 10° Pa, p = 7800 kg/m?

1
= 1
( EI ]2 _ {(200 x 10°) (853333 x 1072 |* _ 2.33882

pA (7800) (40 x 107°) ¢* 2

9.33882
o, =@, 0)? (E—2\)
The first four frequencies are given below:
_________ I R S T . S .
€=005m  0.0025 1 3289.33 . 20613.88 1 57719.47 ) 113107.13
--------- | e Bl e sl i il il el e
£€=0.25m ' 0.0625 ' 131.573 1 824.6996 1 2308.78 '  4524.29
_________ o —— - - - - — -

Hence, the range of frequencies that can be measured is given by w > 131.573 rad/sec.

However, for first mode only (which is easiest to excite), the range of frequencies is
131.573 rad/sec < o < 3289.33 rad/sec.

636



www.FluidMechanics.ir

kXa  1-¢

= =-I—q-(assume)
Fo (- +(2¢r D
dN dD
D" N .
4 (k%) Pa "NE o pdN_
dr Fo D2 i dr dr B

or {(1 - +(2 cr)z}(—z r)—(1 —rz){2 Q=-r?)(=2r)+2(2¢r)(2 s‘)}=0
This equation can be simplified as |

rf—2rf +(1—-4¢2)=0

and its solution is given by

P=14+2¢ or r=V1+2¢; V1-2¢

Since

%hﬂ/ﬁ:—n(:ﬂ) )
and

kF?:R|r-\/1_—Ts=4—§(IIT§) (2)

we note that r =R; = V1 —2¢ corresponds to a maximum and r =R, = V1 +2¢

corresponds to a minimum of Xg.
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le_ —-2¢r
Fo (-2 +4g21?
dN dD
a [kx)] P NE
— = =0 (1)
dr | Fo D?

where %'\I-=—2g and %]—3—=—2(1—r2)(2r)+8§zr

By setting the numerator of Eq. (1) equal to zero, we obtain

{1+r4 —2r2+4§2rz}(—-2§)—(—-25r){—4r+4r3+8§2 r}=0
which can be simplified to obtain

3rt+ (@ —-2)r*—-1=0 (2)

The roots of Eq. (2) are given by
2 _1-2¢ -2V -¢+1  1-2842V -2 41
r= 3 ’ 3 (3)

Since it is difficult to determine, from Eq. (3), the correct value of r that corresponds to

the minimum of Xj, we use a numerical computation. For ¢ = 0.1, for example, Eq. (3)
gives ‘

r2 = —0.0030 ; 0.6583
This shows that

1

r={1—2c’+2 V¢t - ¢ +1}7

4
- (4)

corresponds to the minimum of Xj. For small values of ¢, ¢ << 1 and Eq. (4) gives
r=1 (5)

Thus Xj attains its minimum value close to r = 1.
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Response of a single d.o.f. system with hysteretic damping is given by Eq. (3.106):
X _ 1
Fo k-md? +ikf

Fo] -m?Prxpr Fo|  (k—m o) +(k B
' 2 2
X 1

Re | Im ||| = 1

“|F | ¥ Fo (k — m o?)? + (k B)? ®

It can be verified that Eq. (1) can be rewritten as
2
X X 1 1
Re [Fo + [Im o |t 55| = [m] (2)

X
Eq. (2) shows that the locus of Folasw increases from zero is part of a circle, with
0

, as shown in the following figure.

i X
] B (‘r:)

1 1
0. — —— T
center [, 2kﬁ] and radius VY

/c.s mcreases
i
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The peak of Bode diagram is equal to = ot 4 8t

In the present case, peak-to-peak valueis 2% = —=———-~=

11.43
plotted; hence X = 5 =5.715 un m. !
I
|
X 1
X _ 875 _, 1 i
Oy 1.27 2¢ [
l \G’
or {=0.1111. 0 —>
@! Reduction in amplitude from 173 mm/s to 20 mm/s in 7 cycles or 22 ms.
Eq. 2.92 gives:
1 X, 1 173
=In|7 =8 or §==1In|"5; | =0.308223
7 Xg 7 20
d
Hence { = — = 0.049055
27
Typical Bode plot of phase angle ﬁ
is shown in the figure. o)
-90°
- IBO. \N r= oW
) 1 2 3 4 On
(a) p=90°atr = % = 1. Hence the value of w, can be determined from the value of
r corresponding to ¢ = 90°.
(b) Since

-t (=280 || cw
)

c c
5 ad ——22
k —m w} k —m wi

we find

where w; and w, correspond to the half power points. Hence, by finding the values of w
corresponding to ¢ = — 45° and ¢ = — 135°, we obtain w; and w,. From these values,
the damping ratio can be found using the relation:

_aTa

¢ 2wy

640



www.FluidMechanics.ir

Characteristic Problem 10.26 Problem 10.27 Problem 10.28
n 16 18 18
N 750 rpm 1000 rpm 1500 rpm
d 15 mm 2 cm 10 mm
D 100 mm 15 em- 80 mm
a 30° 20° 40°
-g— cos ¢ 0.1299 0.1253 0.09576
Dominant frequency of
vibration
Inner race 6779.4 cycles/min | 10127.7 cycles/min | 14792.8 cycles/min
defect (1078.97 Hz) (1611.87 Hz) (2354.33 Hz)
Outer race 5220.6 cycles/min | 7872.3 cycles/min 12207.2 cycles/min
defect (830.88 Hz) (1252.91 Hz) (1942.84 Hz)
Ball or roller 1214.6 cycles/min | 1761.7 cycles/min | 2188.1 cycles/min
defect (193.31 Hz) (280.39 Hz) (348.25 Hz)
Cage 326.3 cycles/min | 437.3 cycles/min 678.2 cycles/min
defect (51.93 Hz) (69.61 Hz) (107.93 Hz)
' 1
f(x)=z ; 1<x<5
5 )
- 1 |x?
X =mean valueof x = [ f(x) x dx = — | —| =
B 4 |2
5
o* = (standard deviation)? = [ (x — X)? f(x) dx
1
5 5
1 2 1| 4
== [(x—-3) d&x==[=— —3x? =—
1 { ( ) " [ 3 x*+9 x] 73
1 7 9 °
k = kurtosis = pry [ = ix)dx=— [ (x— 3)4 ) dx
o 16 3
Let y = x - 3 so that dy = dx. This giv 2
y y 1S g1ves k=i f A y=3
64 y =2 5
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X = mean value of x = ¥ f(x;) x;
i

(1)+—(2)+—(3)+—(4)+—(5)+—(5)+—(7)—4

= (standard deviation)? =

5 (-9 fl)

= -4 %“*(2‘4)2 '3374-(1*3—4)2 13—6+(4—4)2 _1‘%

+(5 — 4)2 ST (6 —4) 332 (7 — 4)2 = =1.6875
S -0 E) = (-4 2 —4 B
l
+ (4~ 4)‘-6—-!-(5—4)*1+(6—4)‘ +(7 — 4 — 1 =113—65—s.4375
k = kurtosis = ; (5 — ) fx) = —ol> 29630
e
L SR
E."..’.'.'::’.‘ TTTTmses- j ': ]
1 ]
::2000: | | E =
L T iVl i :
‘.; 200 | | | i ':
> E . 5 !
s [ | b !
Lo , :
w0 I : :
3 L0 : :
2 T — i [ i 1 ]'.'4 ég 1 :
0 250 500 'ivso I 1000 1250 500 17150
! i IFre&:‘enc‘«, (Hz) E :I
180 : ! | ’ : :
L) A 1 t
P 0 : !
. Al
v | ] .
d . 1 ' l
i - 18 Ll iy i { 1 ] & 1
® ® ©) @
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Basic tules:

s At Tesonance, the magnitude will have o shar .Peak

s At resonance, Phase will be 90° and the Fhwsé
changes by 180" a5 freguency crosses the natural
freguency.

USl’na these rules, we folen{:ff’\j four resonant

frezuencu‘es in Fg.10-46.

Resonant &regju.engi Dawping ratio
. - 219.82
W,= 228 4483 Hz 3, = 235- 344§—219.8276
2(228.4483)
= 0.033962 _
W, = 474 1379 Hz T _ 482:7586— 458.6207

2 (474.1379)
= 0:025454 '

. - 11 .
W3= 12155172 Hz T, = 1228-4482— 1198-2758
2 (1215-5172)
= o0:0l24
W, = 144 3:.27579 Hz x, - '453-4483 - 1431.0345

2(1448.2759)
= 0:0077338

Ra.oldus of circle v
- 125 —

= ] 0 ! u
43 : -125 125
!
= —_ = 0.2
4 (1r25)
- r=1
FIGURE 10.47
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Ra.nge of W= 62-832 to 314.1¢ rad/sec = Goo to 3000 rpm

Max acceleration level = 109 = 9¢.1 m/sec?
“Max weight of specimen = 10 N
Max vibration a.mp'-'{'ude =

= 0:0025 m
Frezuenc’ range :

Variable Areeo‘ electric motor can be used to obtain
the frepuency range (for a mechanical shaker).
Vibration a-rnPl-‘f:uale :

¥ %)= A sin wt,

acceleration = Aas".

At 5= 31416 rod /sec, a.mrh'!:u.cle needed to achieve the
maximum acceleration s :

€

a.mrl."l:ualc (A) = oxcele ra.‘h'on/wz

”'V(;mws)‘ = 0:9939 xi5° m

At W= 62.832 YO-A/Sec > O.mfa’l'{‘ucle needed to achieve
+he maximum acceleration IS :

a.mplu‘#:ucle (A)

acceleration /0.92

= 79‘%62.9;1)2 = 0:02485 m
(amrll'{:kdc s be “1"3"'; Acnce drirect mr}'-"ca.fl'an of
Y(E) s not permitted ).

Mechanical shaker of the type shown in Fiy.10:18 can be

used- Electrodynamic shaker of the fYpe shown in Fiy.
10:19 (@) can also be used.
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Electro magnetic shaxer:

P _
Max force (F,,,,_x) 1 ' F

=

Limitations ave: (o) material strength, () cooling provided.

NN

(o) magnetic field strength

(b) number of turns
) coil diameter
C)) current §lowing

AR

Max acceleration = Fmax )
m/‘-f'mt
Where ;= wmass of specimen and i = mass of shaker table.

Speed range: 300 - 600 rpm
Frequency range: 31.416 - 62.832 rad/sec
Number of reeds = 12

Uniform spacing of frequencies give the reed frequencies as:
Oy, ..., Do = 31.416, 34.272, 37.128, 39.984, 42.840,

45.696, 48.552, 51.408, 54.264, 57.120, 59.978, 62.832 rad/sec
Let each reed be considered as a cantilever beam of cross section a x b inches. Let
lengths of all reeds be same and the material be aluminum for light weight. The
fundamental natural frequency of a reed is given by (Fig. 8.15):

1

1
w = (6 &) {pile.}z = (1.8751%) {pilr}z

1 1
= 3.516 {(0.1 /glsi«)a)IA 7 }z = 69.1142 (10*) {AI A }2 (1)

1 2
By equating w, given by Eq. (1) to {}, , ..., {};,, in turn, the proper value of { Y 6"}

needed for different reeds can be computed. By selecting a common value of ¢ for all
reeds, the cross section of any reed can then be found to achieve the required value of

(e
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Iterative process is to be used.

1.

Select trial values of the design parameters (material of the beam and its

dimensions).

Model the beam as a spring-mass system with:
m = end mass = 50% of mass of beam:

1
== ¢
m 3 PA
= gtiffness of a cantilever beam:
3EI
k=222
[3

Equations of motion:
mX+k(x—y)=0

or mi+kz=—my

where z = relative displacement of end mass.

(1)

(3)

Since ¥pax = 0.2 g, assume a constant force of - m (0.2 g) on the right hand side

of Eq. (3) and solve the equation to find z(t).

From the known z,, value, compute the maximum stress (0pay) induced in the
beam. If 0, is less than the yield stress of the material, the design is complete.
Otherwise, go to step 1 and change one or more design parameters and repeat the

procedure until a satisfactory design is found.

re"
[}

'

[]

'

"

4

:js

Base motion, ¥

x(t)

i

¥(t)
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