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Fig.1 Schematic diagram of 2D model of multi-layered

composite beam
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Fig.2 Schematic diagram of three node element
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Tab.1 The first five order frequencies of the composite

beam under different boundary conditions

Bk ﬁﬁ%:/Hz”
SS sC ccC CF
10.318 14.103 18.587 3.959
(0.15%)  (—0.68%) (—0.59%) (—0.86%)
32.794 39.015 45.637 20.098
(—1.69%) (—0.58%) (—0.01%) (0.02%)
, 64.466 74.512 83.092 48.772
' (—0.94%) (0.37%) (—0.15%) (0.05%)
105.308 119.106 129.709 86.203
0.58%) (—0.12%) (—0.18%) (—0.18%)
r 157.437 162.787 162.774 133.992
7 0.63%)  (0.11%)  (0.04%)  (0.25%)
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connector stiffness
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Tab.2 Natural frequencies of CSWB under SS condition

- B % /He -
FEM ZBT AR5
1 17.191 17.218(0.16) 17.200(0.05)
2 51.768 51.904(0.26) 50.908(—1.66)
3 88.945 89.264(0.36) 88.932(—0.01)
4 126.248 126.572(0.26)  125.430(—0.65)
5 162.577 163.840(0.78) 162.647(0.04)
6 199.196 201.377(1.09)  197.011(—1.10)
7 235.990 239.461(1.47)  233.001(—1.27)
8 273.130 278.316(1.90)  272.004(—0.41)

®5 EX-BH(CF)EFNERRBRME
Tab.5 Natural frequencies of CSWB under CF condition

#3 WimEZ(CC)EFMEIRE 8RN E
Tab.3 Natural frequencies of CSWB under CC condition

B /Hz

FEM ZBT ARIT5
1 27.665 27.708(0.16) 27.411(—0.92)
2 58.502 58.737(0.40) 58.672(0.29)
3 93.965 94.475(0.54) 92.538(—1.52)
4 130.414 131.375(0.74)  128.634(—1.36)
5 167.346 168.981(0.98)  166.786(—0.33)
6 204.474  207.107(1.29)  203.684(—0.39)
7 241.953 245.946(1.65)  240.957(—0.41)
8 279.834  286.625(2.43)  278.235(—0.57)

F4 EX-EXZ(CS)KEEMERRBRME
Tab.4 Natural frequencies of CSWB under CS condition

Gk % /Hz ‘
FEM ZBT ATk
1 22.435 22.473(0.17) 22.119(—1.41)
2 55.357 55.537(0.33) 54.377(—1.77)
3 91.464 91.880(0.45) 90.146(—1.44)
4 128.171 128.980(0.63)  127.503(—0.52)
5 164.940 166.390(0.88)  163.467(—0.89)
6 201.835 204.220(1.18)  200.257(—0.78)
7 238.937 242.671(1.56)  237.537(—0.59)
8 276.454  281.931(1.98)  276.415(—0.01)
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100 mm M 45 7 H BN, 25 8 o, = 7850 kg/m”, 5L P4
B RIS 20 3 E, = 210 GPa fily, = 0.3, 1
#t + B h.=50mm, % w.=300mm, & #H p.=

Bk R/ —

FEM ZBT AR SCTT

1 6.593 6.599(0.09) 6.629(0.55)

2 30.762 30.913(0.49) 30.768(0.02)

3 67.243 67.647(0.60) 67.501(0.38)

4 104.546 105.350(0.77)  103.196(—1.29)

5 142.189 143.544(0.95)  141.329(—0.60)

6 179.391 181.642(1.25) 179.701(0.17)

7 216.701 220.171(1.60)  215.104(—0.74)

8 254.029 259.211(2.04) 254.124(0.04)

2500 kg/m®, M B E MO A 4 0 oA E. =

38.9 GPafily, = 0.2, TR&E + 59 % 2 (] 38 & #2 47
(B & d,=10mm) & # , I U5 85 42 J7 ) & (8] Bg 0.2
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- E A=Y IS TE

Y TR BTV 3 T 1) g [l B A &, SR FH PR O

O H VTR, AR E B EHE ALY
SR BT Y 9
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Tab. 6 Natural frequency of steel-concrete composite

beam

WA A /Hz W2/

77(1) 56.48 0.64

73 55.12 —1.78

FEM 56.55 0.76

Rl 56.12 —
4 £ it

HTHERGE 1 P, Sl T
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W3R bR KR Y A A% B G B X 1) ) 23 R B
T AR AV il T BR T 88 O S R A (] i
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AR AL B 5 ) b AT B AR B OC R R R AR i 2 R4S
ey R THI 3 2 5 2 B £ g TR P REL I R R, F 3 A AT
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A mixed finite element method for free vibration analysis of
multilayer composite beams

JIANG Jia~ging"*, WANG Yun’, CHEN Wei-qiu', XU Rong-giao"*
(1. College of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310058, Chinaj; 2. Center for Balance Architec-
ture, Zhejiang University, Hangzhou 310007, China; 3. School of Mechanical Engineering, Hangzhou Dianzi University,
Hangzhou 310018, Chinaj; 4. School of Aeronautics and Astronautics, Zhejiang University, Hangzhou 310027, China)

Abstract: In this paper, a two-dimensional analytical model for composite beams is first proposed through the equivalent transfor-
mation of the cross-section. Based on the mixed variational principle, the dynamic state equations are derived through finite element
meshing and interpolation along the length of the beam, with frequency contained nodal displacements and their energy-conjugated
stresses as element nodal variables. The differential quadrature method (DQM) is introduced to discretize the equations along the
height of the beam, and natural frequencies of composite beams under different axial forces and boundary conditions are obtained.
This method was verified by numerical examples about natural frequencies of three beams, i.e. a concrete-wood composite beam, a
concrete beam with a corrugated steel web and steel-concrete composite beam. Since the proposed method is based on the two-di-

mensional theory, it can provide benchmarks for beam theories and error analyses.
Key words: free vibration;composite beam ; mixed finite element; DQM ;state space method
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