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0O O
0O O

yiy =cos6, (i=x,y,z J=X,Y,Z)

Vi

Yy =C0s6,; =

20

0
0
0

7 xx
}/yX
Y x

0

R

il

Vxz
}/yZ
Yz

(2.76)

(2.77)



3.1

(1) U’ (1)
£2(t) Uz (®)
£ (t) Uy ()
sy ) 70 sy JUZ ()
O v 0% e
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[— EAikg ™ 0 0 0 0 0
0 0 ~iKAGK,a,e "  —ixAGKa,e" 0 0
DX (x*, ) = 0 - 0 » 0 0 —ikAGKa,e ™" —ikAGK e
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(311)  (3.15) J

;o p; -K’] A}
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(Hinge Joint)
(3.12)
(Member Release)
[25]
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M (0,0) = ~El ,[ka, (@) + k&, (@) + kid,(®) + kia,(@)] =0
a, (0)) = dz(a))
2(0) = 1+ 2,(0) - d 0) - 1% 0, (0) (3.18)
as (@) =—E—§a6(w) ~dy(o) —E—gde(w)

(318)  (3.17)
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F(0,0) = EAik [a, (@) — d, ()]

\7(01 w) =ixkAG[K,(a, _%as)f‘h (@) = 2Ky030; (@) — K, (ay + %O{3)d4(a))]

3 3
. . k K
W(0, w) =i kAG[Kq (g _k_Gas)ae (@) — 2ksasds (@) — Kq (g + k_eas)de(a))]
5 5
T(0,0)=0
N(0,) =0
M (0,@) =0
F*(0,0) =A¥a™ (0) + D¥d™ (w) (3.19)
AY DY
EAik, 0 0 0 0 ]
k
0O 0O iKAGk4(a4—k—4a3) 0 0
3
A¥X=| 0 00 0 0 iKAGkG(ae—keas)
5
0 00 0 0 0
0 00 0 0 0
0 00 0 0 0 |
— EAik, O 0 0 0
0 0 - 2ikAGK;a, —iKAGk4(a4+%a3) 0
3
px=| 0 0 0 0 — 2ikAGK., — i KAGK, (g + —2 )
0o 0 0 0 0
0o o0 0 0 0
0 o0 0 0 0
(3190 (3.3 (3.6)
Ala’ +DJ)d’ +1° -K’U’ =0, (3.20)

Al D} 6x6m’
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Kf:lTungl TJKK?K TJmJXmeJJ

ﬁlJ:[Tnﬁ?l TJKB?K TJmJﬁ\:mJ:I
(3100  6m’
3m’ (3.10)
Ala’ +Dd’ =UJU’ (3.21)
Al D) 3m’x6m’
T"A(0,0) 0 0 ]
o0 TEFEe) - 0
2 . . . .
0 0 T AM™ (0,0)
T'D;(0,0) 0 |
ﬁJ ~ 0 fszﬁjz(O’a))
2 . .
0 0 T D™ (0,0)
AX(©0,0) DX(0 )
10 0 0 0 0 ]
AX(0,0)=[0 0 l+a, 1+a, O 0
00 O 0 l+ay l+a|
10 0 0 0 0 ]
DX(©0,0)=|0 0 l+a, l+a, O 0
00 O 0 lt+ay l+ag|
U] 3m’x6
1
~ |1
U;=|.
1
100000
I=|/0 1 0000
001000
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(3200 (3.21)

~ ~ -~ 3.22
AjJa’ +Dyd’ =UU’ (3.2
3.3 a’ =0
D’ _K°’[d’ _f-J
L;i _ﬁJLJHO (323)
2 2 3m’x1
D] -K’
L (3m’ +6) x (6m’ + 6)
Dz _Uz

Pseudo-inverse  Singular-Value-Decomposition(SDV)[26]

- - 1 e
o D; -K’||D] -K’ D; -K’ £’
s*=d :_[IemJ 6m’ OemJ 6| =3 =3 = g g
* 1D, -U, D; -U; D, -U; 0.,
f2=0

S~ —~— _1 —~— —~
s’ =—r 0 {Df _KJ} {Df _KJ} {Df _KJHAIJ} (3.25)
6m’ x6m’ em’x6d [ R J 7 nJ 1 nJ r7d NG )
Dz _Uz Dz _Uz Dz _Uz Az

3.5

31 K’
KJ
(
) (Exact Solution)
J (Ball Support)
L,Aja’ +L,D}d” +Lf’ -L K U’ =L,0,, (3.26
L,AJa’ +L,D)d’ =L,U}U’ '
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0O 00100
L,={0 000 10
0 0O0O0O01
L 0 0
0 L' 5 5
L,=| . : 3m’ x 6m
0 0 L’
1 0000O00O0
L'=l0 1 0 0 0O
001000
0
7Y 0 J
U; =|. 6m- x 6 0 6x6
0
3.3 a’ =0 (3.26)
LD} -LK’[d’] | -Lf’
LzDg _Lzﬁg fjj L206m3x1

3 J
{LlDl LK } (3m’ +3) x (6m’ +6)

LzDg _Lzﬁg

34 Pseudo-inverse

J a7 J 7Yt J
¢ = —[I 0 L,D; -LK L,D; -LK L,D;
emem oo LzDg _Lng LzD; _Lng LzDg

£9 =0

LD’ -LK’][LD’ -LK’ N

S? =—[I 0 { 11 1 } { 11 1 :| {
6m’ x6m’ 6m’ x6 J 37J J 7J
L,D, -L,UJ||L,D; -L,U;

31

L,D;
L,D;

(3.27)

3T
-L,K
_Lzﬁg:| [Lzo

(3.28)

J T
~L,K
—LZEJ {

(3.29)

L,f’

LA
L,A;

6m’ x1

|

|



3.6

(Fixed Support)

(3.6)
(3.12)
Ajya’ +Dyd’ =0 (3.30)
3.3 al =0
s?=d’=0_, (3.31)
(3.31)
(3.30)
d’=—(D;)"Aja’ (3.32
(331) (332 (3.12)
S’ =—(D3)A; (3.33)
( ) (
)
s’ S’ s S
a’ d’ a
d
al] [S* 0 0 0fat] [s']
a’ 0 S? ' Cld? s?
S 0 0| :
= + 3.34
a’ o . 0o S’ . |d s’ (334
' 0
a"| [0 0 0 S"jd"] |[s"]
(2.72) (3.34)
om0 = Siomazm@izma + S12ma (3.35)
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4.1

JK

a
12m 24m (3.35)
JK
(XKJ yK.] ZKJ)
a
JK J
K K
JK J
JK
l’jJK (XJK ,a)) _ alJK (a))eikliK
KJ K
KJ
G (XKJ ’a)) _ dlKJ (a))e—iklxKJ
24 JK J
K
GJ (XJK ’a)) — _U‘KJ (XKJ ,a))
(4.1 (4.2) (4.3)
alJK eikliK __ dlKJ e—iklxKJ
X9 = — xK alJK dlKJ

33
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12m

(XJK ’ yJK ’ ZJK)

12m

dKJ

(4.1)

(4.2

(4.3

(4.4)



aé]K d;J aé]K dSJK aiK diK
aé]K — _dZKJ e—lk2| (45)
aé]K — _d3KJ e—lk3| (4.6)
a) =-dfJe™ (4.7
JK Z J z
J K
WX (X, 0) =W (X, w) (4.9)
¢JK (XJK 'a)) — ¢KJ (XKJ ’a)) (49)
a.‘:._’]K dSJK a(.SJK déJK
a =di7e™ (4.10)
) =di7e™ (4.12)
(44) (45) (46) (47) (410) (4.11)
a™ (0) =P*(,0)d" () (4.12)
[_ g 0 0 0 0 0 |
0 -—e' 0 0 0 0
0 0 -g' 0 0 0
PX(l,0)= . 4.13
(o) 0 0 0 -e 0 0 (4.13)
0 0 0 0o e 0
| 0 0 0 0 0 e'|
(4.13)
aJ
le
2J
d’ = d, (4.14)
dr’;1JJ
d



- 2
a-d (4.15)
an
(4.12)
at| [P 0 0 || da
2 2 32
L]0 o1 (4.16)
a" 0 0 P" || d"
a(v) = P(l,w)d(®) (4.17)
(4.17)
P(l,0) P(l,0)
(Propagation Matrix) 12mx12m
4.2
(4.17) d
(3.35)
d a d a
d d (4.17) d a
d d
U (Permutation Matrix) d d
d(w) = Ud(w) (4.18)
U 12mx12m d d* dv U
1
0 d d’
dy d d ' p i p
U, p [ U, 1 [
p I p 0
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- 2—th 5-th -
0 : 0
. 2-th O 0 0 1 o .
=] . : (4.29)
d25 N d52
® |s-th 0 1 0 0 O]}
4.3
(4.18) (4.17) d a
a(w) = P(l,0)Ud(w) (4.20)
(4.20) (3.35)
d =SPUd +s
12m 12m
d(o) =[1-S(0)P(l,0)U] *s(w) (4.21)
R(w) = S(w)P(l,0)U (4.22)
R(w) (Reverberation Matrix) (4.22) (4.21)
d(w) =[1-R(w)] *s(®) (4.23)
a(w) d(w)
(3.4)
F(x,0) = A ,a(w) + D, d() (4.24)
A f D f
(3.9
u(x,0) = A a* (0) +D,d™ (w) (4.25)
(29) (222) (254) (2.62) JK
N (x™,w) = AN (x™,w)a(w) + DX (X, 0)d(w) (4.26)
¢(x™, w) JK
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Ex (X, @)
. 7.0 (X, @)
80X ) = Vo (X, 4.27
( ) éxu (XJK 'a)) ( )
&, (X", o)
éxu (XJK ’ CO) ‘]K ?XQ(XJK ’ CO)
éxu (XJK 1 a)) ZJK
éxw(XJK ’ 0)) yJK A::K (XJK ’ 0))
DX (x*, @) JK
ke 0 0 0 0 0
: ik,x
A (X, )= ° N ? iksx S ik, ° 0
0 0 c,k;e™ ckie™ 0 0
0 0 0 0 c,kie™* ¢ kie"
—ik,e 0 0 0 0 0
: —ikyX
DX (x*, ) = 0 cik,e 20 » 2O » 0 0
0 0 c,kse™™ c ke 0 | 0 |
0 0 0 0 c kie™* ¢ ke
&(x,0) = A ,a(w) + D, d(w) (4.28)
Aé‘ DS
(4.24) (4.25) (4.29)
( ) ( )
1 o 1 o
F(x,t) = ——[ F(x,0)do=—=[ [A a(w)+D d(e)ldo (4.29)
27 I 2 o
1 = . 1
u(x,t) =—— [ i(x,0)do = [A,a(w)+ D d(ew)ldeo (4.30)
27 o 27
(4.31)

g(x,t) = % [ &(x,)de = % [ 1A,a(0) + D, d(e)do

(4.29)~(4.31)
(2.76)
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4.4

(4.23) d(w) (3.35) (4.20)
a(w) (34) (3.9
I-R(w) (Singular) [I-R(w)]™
(Pole)
(Residue Theorem)

(Newmann Series

Expansion) [1-R(w)]™
[[-R(®)]" =[1+R(@) + R* (&) +-+R" (0)|+ Q,, (4.32)
Qy
Q, =[I-R(@)]"R""*(0) (4.33)
(4.32)  (4.23) Q, (4.23)
d(w) =[1+R(®) + R?(®) +---+ R" (0)]s(®) (4.34)
(4.34) (
) R N (4.34)
N dm d®
d(2) d(O)
d? =1Is
d® =(I+R)s
g<2) =(I+R+R?)s (4.35)

d™ =I+R+R?+---+RM)s

(4.34) (4.20)

N a(N)
a™ =PUd™ =PU[IT+R+R?*+---+R"]s (4.36)
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(4.36) (4.34) (3.35)

a®™ =87(d, -s)=S"I+R+R*+---R" -I)s

=S R+R?*+---+RMY)s

=S[(SPU) + (SPU)(SPU) +---+ (SPU)(SPU)--- (SPU)]s
=[PU + PU(SPU) +--- + PU(SPU)-- -(SPU)]sN
N-1
=PUI+R+---R")s
=pPUd"
N a™
a™ =pyua™? (4.37)
(436)  (437) (4.36)
a, (4.37) a, a, a
(4200  (3.35) (4.20)
(3.35)
(4.20)
aA a B
a(w) d(w) (Harmonic Wave)
d(w)
a™ (Condition of
Causality) d™ (4200 a™
(3.35)
(3.35) a,
a,
4.1 1 (
) a, a, N = 30( 30 ) 1
( 4.2) a, ag
a, ag
43 6
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f(t)

4.1

40

10



At ( )

M T = MAt Q

2
Q=— 5.1
At (5.1)

Aw

2r
=T 5.2
@ MAt (5.2)

(OINQ)
(_E’E)
[27]
M
21 o k=7M+12 :
2
0,[k] = d(kAw) k=012---,M -1
At M
(5.1) At
(5.2) At A® ( )
M (5.2) Ao (5.3)
M
At
M

(Time Window) (4.34)
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(4.37) (N )

T, = Nt, (5.4)
N T, (4.34)
(4.37) =0
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6.1

6.1 6.1
50Cmx80Ccm 90cm 180cm 6.09kg
( 13cmx 13cmx 1cm)

25cmx 25cmx0.2cm( x X ) 6.1

6.2

(  62d)
6.2(b) ( 6.2(a))
( 6.2(c)) 6.2(d)

( 6.2(e)) 8kg
(63 (  30x10°~50x10"° )
(step loading)

( 91kg)

1.2mm

6.3
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6.1

o 27
f(t) =W[L1-h(t)]

W 48kg  h(t)
(Unit Step Function) (6.2)
f(t) = h(t)
(6.1)

f(w) = j”; f (t)e“dt = j“; h(t)e™“dt =%

E |70x10°
c, = /-:1/ = 5091.8
Y p 2700 %ec

l, =0.2m (Normalize Length)

6.1

(Normalize Time) t,

I—°= 0.1 =1.964x107° sec
c, 50918

0

At =0.1t, =1.964x107° sec
M = 2* = 32768 N =30

S, Sty
T =5Nt, = 150t, = 0.0029sec
(6.2) T

r

]?(a)) - J-: F(t)e_iaﬁ dt :.[:[h(t) - h(t =Tr )]e““’t dt :% (1_ gl )

6.4 ( )

o  620)
6 ( 48kg)

3-6( 3 10cm
5-11( 5 30cm ) 8-11( 11

(6.1)

(6.2)

(6.3)

10cm



(

(

) 4-5( 5  40cm ) 8-9( 8
20cm ) 5 ( 10
6.4 )
9 2.5cm
(trigger source 6.2(b))
( 6.6(a))
( 6.5)
) LeCroy Digital Oscilloscope(LT322)
6.6(a) 2 (channel)
(sum sampling rate) 200MHz /
(A/D) 8-bit
« )
) M easurements Group(2100 System)
6.7 2110A (power supply)
0.5~12v 2120 (conditioner module) (gain)
1~2100 8 ( 6.7(b))
5kHz ( 6.8)
14 (

)

120Q2 35002 10002 )

(quarter half and full-bridge)

M easurements Group

6.8
R-A44AD01
2015+ 0.5% (24°C)
(CEA-06-125UW-120
2070+ 0
(EA-13-060LZ-120

(gage length) 8mm (EA-06-250BF-350

350.0+ 0.15% (24°C) (gage factor)
0.05) 3.2mm
R-A58AD816 120.0+ 0.3%(24°C)
.5% (24°C) 0.05) 1.6mm
R-A55AF501 120.0 + 0.3%(24°C)

2.125+ 0.5% (24°C) 0.03)
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2100

1000 12 IV
At = 0.2 sec( f =1/At =5MHz
f. =1/(2At) = 2.5MHz) ( )
(division) 0.0005sec 10 0.005sec
() (division) 0.05V 8
+0.2V +200u
5091.8m/sec ( )
( )
(single) (trigger level) —0.005Vv/( )
9 —0.005v
10 ( )
R232 (  6.6(h)
6.2~ 6.11
50,000Hz( f./50Hz)
4~5u
150 ( 8-9) (signal to noiseratio)
6.5 ( )
50cm x 80Cm 80Cm

160 cm

46



1.9cmx1.9cm( x )

7-8( 7
20cm ) 4-5(
8 40cm ) 4

(trigger source)

1.5V
1.5V oV
6.13
0.05V
6.14~ 6.17
)
8-9
( 89  7-8Back  8-11-Top)

(N=30 )

6.2
20cm ) 8-9( 8
4  20cm ) 8-11(
( 8
( )
( 612
9 2.5cm
6.4
(
50
100
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(1)

2

3)

(4)

(Reverberation Matrix Method, RMM)

SAP2000

48

50



[1] E. C. Pestal and F. A. Leckie, “Matrix Methods in Elastomechanics’, McGraw-Hill,
New York, Chap. 4, 1963.

[2]
1996

[3] N. Davids, “Transient Analysis of Stress-Wave Penetration in Plates’, Journal of
Applied Mechanics, Vol. 26, 1978, pp. 441-452.

[4] B. R. Mace, “Wave Reflection and Transmission in Beams’, Journal of Sound and
Vibration, Vol. 97, No. 2, 1984, pp. 237-246.

[5] C. R. Stedle, “The Finite Beam with a Moving Load”, Journal of Applied Mechanics,
Vol. 34, 1967, pp. 111-118.

[6] X. Y. Suand Y. H. Pao, “Ray, Normal Mode and Hybrid Analysis of Transient
Waves in a Finite Beam”, Journal of Sound and Mibration, Vol. 151, No. 2, 1992,
pp. 361-368.

[7] J Miklowitz and P. Calif, “Flexural Wave Solutions of Coupled Equations
Representing More Exact Theory by Beams’, Journal of Applied Mechanics, Vol.
20, 1953, pp. 511-514.

[8] J. F. Doyle, “Wave Propagation in Structure: An FFT-Based Spectral Analysis
Methodology”, Springer-Verlag, New York, Chap. 5, 1989.

[9] J. P. Lee and H. Kolsky, “The Generation of Stress Pulses at the Junction of Two
Noncollinear Rods’, Journal of Applied Mechanics, Vol. 39, 1972, pp. 809-813.

[10] T. P. Desmond, “Theoretical and Experimental Investigation of Stress Waves at a
Junction of Three bars’, Journal of Applied Mechanics, Vol. 48, 1981, pp. 148-154.

[11] K. H. Yong and K. J. Atkins, “Generation of Elastic Stress Waves at a Corner
Junction of Square Rods”, Journal of Sound and Mibration, Vol. 84, No. 3, 1982,
pp. 431-441.

[12] K. H. Yong and K. J. Atkins, “Generation of Elastic Stress Waves at a T-Junction of
Square Rods’, Journal of Sound and Vibration, Vol. 88, No. 4, 1983, pp. 431-436.

[13] K. R. Y. Simha and W. L. Fourney, “Investigation of Stress Wave Propagation
through Intersecting Bars’, Journal of Applied Mechanics, Vol. 51, 1984, pp.
345-353.

[14] J. F Doyle and S. Kamle, “An Experimenta Study of the Reflection and

Transmission of Flexural Waves at Discontinuities’, Journal of Applied Mechanics,
Vol. 52, 1985, pp. 669-673.

49



[15] I. T. Lu and L. B. Felsen, “Ray, Mode, and Hybrid Options for Source Excited
Propagation in an Elastic Plate”, Journal of the Acoustical Society of America, Vol.
78, No. 2, 1985, pp. 701-714.

[16] B. A. Boley and C. C. Chao, “Impact on Pin-Jointed Trusses’, American Society of
Civil Engineers Transactions, Vol. 122, 1957, pp. 39-63.

[17] A. H. von Flotow, “Disturbance Propagation in Structural Networks’, Journal of
Sound and Mibration, Vol. 106, No. 3, 1986, pp. 433-450.

[18] S. Gopalakrishnan, M. Martin and J. F. Doyle, “A Matrix Methodology for Spectral
Anaysis of Wave Propagation in Multiple Connected Timoshenko Beams’,
Journal of Sound and Vibration, Vol. 158, No. 1, 1992, pp. 11-24.

[19] R. J. Nagem and J. H. Williams, “Dynamic Analysis of Large Space Structures
Using Transfer Matrices and Joint Coupling Matrices’, Mechanics of Sructures
and Machines, Vol. 17, No. 3, 1989, pp. 349-371. Mechanics of structures and
machines

[20] S. M. Howard, “Transient Stress Waves in Trusses and Frames, “ Ph.D.
Dissertation, Cornell University, Ithaca, NY, 1990.

[21] S. M. Howard and Y. H. Pao, “Anaysis and Experiments on Stress Waves in
Planar Trusses’, Journal of Engineering Mechanics, ASCE, Vol. 124, No. 8, 1998,
pp. 884-891.

[22] Y. H. Pao, D. C. Keh and S. M. Howard, “Dynamic Response and Wave
Propagation in Plane Trusses and Frames’, AIAA Journal, Vol. 37, No. 5, 1999, pp.
594-603.

[23] R. D. Mindlin and G. Herrmann, “A One-Dimensional Theory of Compressional
Wave in an Elastic Rods’, Proceedings of the First U. S Congress of Applied
Mechanics, 1951, pp. 187-191.

[24] W. K. Cornelus and W. K. Kubitza, “Experimental Investigation of Longitudinal
Wave Propagation in an Elastic Rod with Coulomb Friction”, Experimental
Mechanics, Vol. 10, 1970, pp. 137-144.

[25] Adam Kassimali, “Matrix Anaysis of Structures’, Brooks/Cole Publishing
Company, California, Chap.7 & 8, 1999.

[26] G J. Borse, “Numerical Methods with MATLAB: A Resource for Scientists and
Engineers’, PWS Publishing, Boston, Chap. 3, 1997.

[27] Alan V. Oppenheim, Ronald W. Schafer with John R. Buck, “ Discrete-time
Signal Processing”, Prentice Hall, New Jersey, 2™ edition, 1999.

50



6.1

70GPa

26 GPa

2700kg/m®

2.5cmx 2.5cmx 0.2cm

1.840cm?

1.635cm*

3.270cm?

ﬂ%&Z

0.348
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6.2

70GPa

26 GPa

2700kg/m?

1.9cmx1.9cm

3.61cm?

1.086¢cm*

2.172cm?

ﬂ%ﬂZ

0.348
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Spectrum Relationsfor the Timoshenko Beam Theory
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Spectrum Relations for the Timoshenko Beam theory without Damping
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Spectrum Relationsfor the Timoshenko Beam T heory

Bernoulli beam(phase speed)
Ti 1)
Ti D

Speeds:c/c, ¢ /c,
25 — -

Timoshenko Beam(group speeds[Mode1])
Ti )
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o 200000 400000 600000 800000 1000000
Frequency (Hz)

25

Spectrum Relations for the Timoshenko Beam theory with Damping
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e
F(t) = -W[1- H ()]

2.7
JK
XJK K
XKJ
zX ) ‘7\
. e yKJ
X
Z
2.8
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Solution A

Solution A
Solution B
= == = = = Solution B
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6.1(b)
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