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Abstract.In order to study the effect of interface slip and shear deformation on the natural
vibration of composite box girders with corrugated webs (CBBCW), based on the Hamilton
principle, the effects of the slip, shear deformation and moment of inertia of CBBCW have
been investigated. Further, the flexural vibration differential equations and natural boundary
conditions of the CBBCW have been deduced. The formula for the flexural natural vibration
frequency of CBBCW has been developed. The influencing rule of the interface slip stiffness
and web shear deformation on the flexural natural vibration frequency of the CBBCW has been
analyzed. The results of this study show that the analytical results are in good agreement with
the results of the ANSYS finite element calculation, and some significant conclusions can be
applied to the engineering design. The interface slip stiffness has some effect on the flexural
natural vibration frequency of the CBBCW, and the maximum interface slip effect is up to
13.7%. The shear deformation has a significant effect on the natural vibration properties of the
CBBCW, and the shear deformation effect increases significantly with the increase of the order
of flexural natural vibration frequency. The formula has been developed further as compared
with the earlier developed calculation theory for the flexural natural vibration of CBBCW. It
can also provide a reference for future study of dynamic characteristics of CBBCW.

1. Introduction

The composite box girder with corrugated webs (CBBCW) is composed of concrete top slab, steel
bottom slab and steel corrugated webs. Compared with the traditional steel-concrete composite beam,
CBBCW has the following advantages: the corrugated webs has low axial stiffness and can greatly
improve the efficiency of the applied prestress and reduce the shrinkage and creep effects of the
concrete slabs. The corrugated web has a large out-of-plane stiffness and high shear buckling
resistance. Moreover, it has a high local bearing capacity and anti-fatigue performance. In recent years,
CBBCW has been widely used in the construction of buildings, roads, railways and urban rail transit
[1-4].

Using the computer program ABAQUS, Elgaaly M et al.[5] performed a failure analysis of the
beams with corrugated webs under shear. They found that the failure was due to the buckling of the
webs. By carrying out elastic bifurcation buckling analyses using ABAQUS, Hassanein et al.[6, 7]
presented the critical shear buckling stress of the corrugated webs of tapered bridge girders with steel
corrugated webs, where the webs in different typologies of tapered girders with steel corrugated webs
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were considered. Leblouba M [8] performed a series of three-point load tests on five shear-critical
trapezoidal corrugated web beams. All the tested beams were observed to have a residual strength that
was about half of their ultimate load carrying capacity regardless of the shear buckling mode.
Experimental and theoretical studies on the shear buckling characteristics and the shear strength of
trapezoidal corrugated steel webs had been conducted by Barakat S et al.[9], Leblouba M et al[10],
Sause R and Braxtan T N[11] and Nie J et al. [12]. Based on these studies, the analytical solutions for
the elastic local and global buckling strengths have been deduced and some formulae for predicting the
shear strength have also been developed. Elamary A et al. [13] conducted an experimental study to
investigate the effect of a top steel flange on the failure mechanism of a steel-concrete composite beam
with a corrugated web under bending. Zhou M et al.[14] conducted experimental and theoretical
studies on the deformation of a non-prismatic scaled model with corrugated steel webs to quantify the
proportional relationship between the bending deformation and shear deformation. He J et al.[15-17]
tested seven steel and composite I-girders with corrugated webs to investigate the shear performance.
In the tests, the parameters such as the thickness of steel web and shear connection degree between the
steel web and encased concrete were examined. Through experimental and analytical studies, Nie J et
al.[18] investigated the behavior of simply supported prestressed steel-concrete composite beams.
They found that a partial composite design would result in a bigger interface slip at the steel-concrete
interface. Eventually, this slip could lead to a bigger deflection. Even with a full composite design, the
calculated deflection ignoring the interface slip was smaller than the experimental measured deflection.
Further, in some cases (e.g. for steel-concrete composite beams with reduced span-to-depth ratio[19,
20]), it might not be appropriate to neglect the shear deformation in the beams, such as the Euler—
Bernoulli beams (i.e. beams with infinite shear stiffness). Xu and Wu[21, 22] developed a new plane
stress model of the composite steel-concrete beams with interlayer slips. Their study showed that the
one-dimensional theory underestimated the deflection of the steel-concrete composite beams due to
neglecting the shear deformation. Therefore, the natural vibration characteristics of steel-concrete
composite beams were influenced by both effects of the shear deformation and the interface slip[23-
26].

Zhou W et al.[27] derived and solved the flexural vibration equilibrium differential equations of the
steel-concrete composite beams by taking the shear deformation and the interface slip into
consideration. They found that effect of the interface slip on the flexural natural frequencies of the low
mode orders was significant. Chen X et al.[28] developed a sandwich beam model for predicting the
flexural vibration behavior of bridges with corrugated steel webs. In this model, the presence of
diaphragms and interaction between the web shear deformation and flange local bending were
considered. They found that the flexural natural frequencies and mode shapes obtained from the
sandwich beam model and the Timoshenko models were basically the same. Based on the preceding
literature review, it could be seen that there are only a few studies on the flexural natural vibration of
CBBCW with comprehensive consideration of the shear deformation, interface slip and longitudinal
inertia of motion.

In this study, based on the Hamilton principle, the effects of numerous factors, such as the interface
slip, shear deformation, and moment of inertia of CBBCW on flexural natural vibration of the
CBBCW have been investigated. Further, the governing differential equations and the natural
boundary conditions of CBBCW have been deduced, and an analytical calculation method for the
natural vibration characteristics of CBBCW considering the effects of shear deformation and
interfacial slip has been developed. Finally, a number of examples of different boundary conditions
and shear connection degrees have been used to compare the results of the analytic solution with those
of the ANSYS finite element analysis.

2. Basic assumptions

The cross-sectional dimensions and coordinate system of a CBBCW are shown in Figure 1, and the
longitudinal section is shown in Figure 2. To simplify the calculations, based on the characteristics of
the CBBCW, the following assumptions have been made.
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Figure 1. Cross-sectional dimensions of CBBCW and coordinate system

The longitudinal displacement of the CBBCW cross-section is superimposed by the longitudinal
displacement based on the plane section assumption and the relative longitudinal slip caused by the
flexibility of the shear connectors, whose expression is

ug(x,y.z,t)=kE(xt)—(z—z,)0(xt) i=L2 (1)
ug(x,y,2,t)=k&(xt)—(z—2z)0(xt) i=3,4 (2)
From the literature [29, 30], we have
k,==A/4, (3)
k=4./(nd,) (4
where @ is the cross-section rotation of the CBBCW; 2b,, b,, 2b,, b,, b, are the widths of the top
concrete slab, cantilever slab and steel beam bottom plate, height of corrugated web, and width of the
steel beam top flange, respectively; ¢, t,, t,, t, , t, are the thicknesses of the top concrete slab,
cantilever slab, steel beam bottom plate, corrugated web and steel beam top flange, respectively; z,,
z, and z; are the coordinates in z-direction of centroids of the concrete slab, steel beam bottom plate
and steel beam; n=E /E. where E, is the elastic modulus of the steel beam, and E, is the elastic
modulus of the concrete slab; 4 =2bt ; A4,=2bt, ; A, =2bt, ; A,=2bt, ; A, =2bt, ;

Ay =(A4 +4)/n+ A4, + A4, ; A =A4+A4, which is the cross-sectional area of the concrete slab,

c

A, = A, + 4, which is the effective area of the steel beam cross-section, &(x,7) is the longitudinal
displacement difference between the concrete slab and the steel beam centroids.

Figure 2. Longitudinal section of CBBCW

The vertical compressive deformation of the concrete slab and steel beam are small and negligible.
The relative longitudinal slip between the slab and the beam {'(x,¢) can be determined from Egs.(1)-
(2) as follows:

C(xt)=E+h0+h0=E+h0 (5)
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where s and h, are the distances from the centroids of concrete slab and steel beam to the interface,
respectively. Further, h=h +h_.

If the linear elastic constitutive relationship of the concrete, steel and shear connectors is
introduced, the shear stresses of the CBBCW shear connectors can be calculated using the following
equations [18, 31]:

g(x,t) =k, (x.t) =k, (& +h0) (6)
V,=Afrl[(Ln) (7)
k =0.66nV, (8)
ki=k/L )
where 7, is the ultimate bearing capacity of a single stud; L is the span of the composite beam; r is
the shear connector degree; f; is the yield strength of the studs; £, is the slip stiffness of a single stud;
n, is the number of studs at each horizontal row; £, is the interface slip stiffness between the concrete

slab and the steel beam; and / is the longitudinal spacing between the studs.

Since the axial deformation stiffness of the corrugated web is only a few hundredths or even a few
thousandths of the axial deformation stiffness of a flat web of the same thickness, for simpler
calculations, the axial deformation stiffness of the corrugated web has been neglected, i.e. the
equivalent axial elastic modulus of the corrugated web has been taken as zero[32].

3. Governing differential equations and solution
3.1. Strain and stress expressions at each point

According to the longitudinal displacement expressions (Egs. (1)-(5)), the strain expression at each
point of the CBBCW cross-section is

& 20 .
=k 2o (- =1,2
gxl c ax (Z t) ax ! 4 (10)
o& 20 .
k2 (z2)2 =34
gvt s ax ( A) ax l 2 (11)
ow
=2 9
ye=5=0 (12)

where &, (i=1,2,3,4) are longitudinal normal strains of the top slab, cantilever slab and bottom slab,

respectively; ¥

Xz

is the shear strain of the corrugated web; and w is the vertical deflection of the

CBBCW.
The stress at each point of the CBBCW cross-section is
axi:Ec[kcﬁ_(Z_Zt)a_e:l i=1’2 (13)
ox ox
0, =E k% -(2)20) =3 qa)
ox *lox

aE[ﬁ()i—ﬂo (1)

T, = Ge(a—w—ﬁ) (16)
ox

where G, is the equivalent shear modulus of the the corrugated web; E, is the equivalent axial elastic
modulus of the corrugated web (i.e. E, =0); o,(i=1,2,3) are the longitudinal normal stresses of the
concrete top slab, cantilever slab and bottom slab, respectively; and 7_ is the shear stress of the
corrugated web.
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3.2. Equivalent shear modulus of the corrugated web
The longitudinal unit cross-section of the corrugated web is shown in Figure 3. The equivalent shear
modulus of the corrugated web is smaller than that of the flat web, and its equivalent shear modulus
can be calculated using the following equation [33]:

b, +d

G, =G—r" %
° °b,+d, sech, a7)

where G, is the elastic modulus of steel; as shown in Figure 3, 4, is the wave height of the corrugated
web; b

w2

d, and b,, are the length of the straight section of the corrugated web, the projection length

of the inclined plate section on the horizontal line and the length of the inclined plate section,
respectively; and €, is the bevel angle of corrugated web.

Figure 3. A cross-section of longitudinal unit of corrugated web

3.3. Flexural vibration differential equations and natural boundary conditions of CBBCW
The strain energy of the CBBCW is

1 4
V = EJ.L|:;J-A5 (O-xigxi + Txyirxyi + szirxzi )dA + g§j|dx (18)
Substituting Egs. (5)-(16) into Eq. (18) gives
1 % ’n’ ’ ’ 2
V=5L[D§ P =280 4167 + 6L +GA, (W -0) Jax (19)
and “'” represent the partial derivatives with respect to time ¢ and coordinate x ,

AAER A+ 4) 3 J=kEJ +kEJ, 3 [=EL+EI ; J,=[ (z=z)4 ;

c S sTsYs 2 sts 2

3 2

where

respectively. D=Ek’

ce

Jo=[  (z—z)dds L =] (z-z)dd;and 1,=[ (z-z)dA.

§ Aptdy Apt 4
As shown in Figure 3, the mass of a longitudinal unit of the corrugated web is:
my =2(b,t,, +b,1,)b,p,  (20)
According to the principle of equivalent mass, the equivalent thickness of the corrugated web is:
Ly =/ (LD2,) (21)
After considering the effect of moment of inertia, the total kinetic energy of the CBBCW can be
expressed as

4
T= %J‘L mw’dx + %L;J‘AI pi’dAdx  (22)

where m=p A +p (A +A4,); p=p,=p.; Ps=p, =P, =P, =P, P, is the density of concrete; p,
is the density of steel; and 4, =t b, which is the equivalent cross-sectional area of the corrugated
web.

Substituting Egs. (5)-(16) into Eq. (22) gives

T= %L(lez ~2J,60+1,6° ) dx %L mitdx  (23)
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Where Dl = p(fkac +pak_32(A4* + A4 + AS) ’ Jl = pck("]c +psks‘]x ’ 11 = pclc + ps[s ’
J, = (z—zs)dA;IS=J. (Z—ZS)ZdA.

Ap+Ag+ 43 Ap+Ay+4;

According to the Hamilton principle, i.e. 5J.:] (T =V )dt =0, which can derive the flexural vibration

differential equations and the natural boundary conditiogs of F.he CBBCW, as follows[34]:
DE' -0 -k, (-DE+J6=0  (24)
G,4,(W -0 )-mw=0 (25)
JE-10+G A4, (W-0)-JE+10"—k,{h=0  (26)
(DE-JONSE, =0 (27)
G, 4,(w-6)ou, =0 (28)
(~JE +16)36]; =0 (29)

3.4. Solution of flexural natural vibration frequencies of CBBCW
Let

E(x,t)=¢ (x)sin(ax + ) (30)

w(xr)=w (x)sin(@r+) (31)
0(x,t)=6,(x)sin(wt +¢) (32)
P90
A =7 (33)

Substituting Eqgs. (30)-(33) into Egs. (24)-(26) gives

(Dﬂz - k.;/ + Dlw2)§1 + (_Jﬂz - Jla)z - kslh)el =0 (34)

(G, AA* +ma’)yw, — G 4,6, =0 (35)
(-1, = J A =k h)& +G A w + (L& =G A, + I —k,1*)6,=0 (36)
The eigen equations correspond to Eqs. (34)-(36) can be shown as follows:
DA’ —k, + D@’ 0 —JA —J @& —k,h
0 G AN +ma’ -G, 4,4 =0 (37)
—J, @ —JA* —k h G A1 1,0 =G A, + 1A —k i

where | | denotes the determinant of a matrix.
The solution of the flexural vibration differential equations can be expressed as:

&= af, (A1) G8)
w=Yaf, exp(4x) (39)

6 = iaiﬁh’ eXp(ﬂ'ix) (40)

i=1
IR I k)

- i=1,2,...6
Y B,y 1)

G31A4/1 .
=(G31A4ﬂ,2 +ma)2)3l:l,2,...,6 (42)

B, =1i=12,..6 (43)

ﬂZ[
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where {a}={a,,a,,....q, }T is a constant vector from the integration; and A is eigen value of the eigen
equations.
Egs. (27)-(29) result in the common boundary conditions as follows:
The natural boundary condition for a simply supported end is:
E=0,w=0,6=0 (44)
The natural boundary condition for a fixed supported end is:
& =0,w=0,6=0 (45)
For the boundary conditions in Eqs. (44) and (45), the CBBCW has three natural boundary
conditions at both ends. Substituting Egs. (38)-(40) into the boundary conditions gives:

[B(w) [{a} =0 (46)
In Eq. (46), the integral constant vector must have a nonzero solution. Hence, the following
requirement applies:
[B(@)|=0 @47)
Solving algebraic Eq. (47) gives the flexural natural vibration frequencies of the CBBCW.

4. Solution of natural frequencies of CBBCW without considering the shear deformation effect
The longitudinal displacement of the CBBCW cross-section at each point without considering the
effect of the shear deformation is as follows:
ug(x,y,z,t)=kE(xt)—(z—z)w'(xt) i=12 (48)
g (%,,2,0) = k& (xt) = (2= 2)w'(xt) i=3,4 (49)
From Eqgs. (48)-(49), the longitudinal strain and stress expressions at each point of the CBBCW
cross-section are as follows:

2
e, = Cg—x—(z-z,)f% i=1,2 (50)
2
ew.zkg%—(z—s)ng; i=3,4 (51)

o*w

0.
¢ .
O-xi:Ec kca_(Z_Zt)aX2i| 121’2 (52)

& lw|
O-xi ZEs |:ksg_(z-zs) axz :| l =3 (53)
o& o’w
O-X4=Ee|:ksg—(z—25)ax2:|=0 (54)

According to Assumption (2), after neglecting the vertical compressive deformation of concrete
and steel girder, the relative longitudinal slip between the concrete slab and the steel beam is reduced
to:

F(xt)=&+m (55)
According to the Hamilton principle &[ (T -7 )dt=0 , the differential equations and the boundary
g princip Y q

conditions of the CBBCW without considering the shear deformation are as follows:
DE —Iw” =k (E+hW)=Dé+J W =0 (56)
JE— LW —JE + W =k hé +k W +miv' =0 (57)
(DE — W)SE[; =0 (58)
(L& =1 = JE + W~ k,Ch)dw] =0 (59)
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(~JE + W)Sw|, =0 (60)

The method of solving flexural natural vibration frequency of the CBBCW without considering the
effect of shear deformation is the same as that described in Section 3.

5. Examples
Simply supported CBBCW beams and fixed end CBBCW beams of two different spans have been
used as examples. The spans are L, =14m and L, =16m . For the beams in each span, there are five

different shear connection degrees, i.e. 0.25, 0.40, 0.60, 0.80 and 1.00. The mechanical and
geometrical properties of the CBBCW beams are

E =20x10"N-m?,E, =4.5x10"°N-m?, . =030, 1, =0.18, p, =7870kg -m >, p, =2570kg -m> ,
b =0.4m b, =0.4m ,b, =0.2m b, =0.5m,b, =02m ,t, =t, =0.12m, ¢, =t; = 0.025m ,¢, = 0.005m,

h,=0.1m,b, =0.125m,d, =0.125m,b,, =+/d> + h}

50 70
—a—r=0.25 H
—o—1=040 ) 60
WOF —a—1=060 -
—v—1=0.80 ) 50|
30 —<—r=1.00 F
S = *r
2 a I
M 20 | ) 30 -
. 20
10 L=14m, Simply supported |
10
0 1 1 1 1 1 O 1 1 1 1 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Mode oder Mode oder
50
—a =025 70
—e =040 [
L. E A =060
50
30 I
X < 40 -
5 5t
" a0 =30t
20
10 F
10}
0 n 1 n 1 n 1 n 1 n 1 n 0 " 1 " 1 n 1 n 1 n 1 n
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Mode oder Mode oder
Figure 4. Relationship between the shear deformation effect and the mode orders of flexural natural
vibration

In order to verify the practicability of the theoretical model in Section 3, ANSYS finite element
method was used to carry out the simulations. The SOLID65 element was used to simulate the
concrete slab, the SHELL43 element was used to simulate the steel beam and COMBIN14 element
was used to simulate the studs. The simulation results are compared with the theoretical results as
shown in Table 1-4 and Figures 4-5. R, denotes the ANSYS finite element calculation results; Ry,

denotes the theoretical calculation results not considering the shear deformation effect; and R
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denotes the theoretical calculation results after comprehensive consideration of shear deformation and
slip effect. The error of the theoretical calculation has been calculated using Eg =100(Ry — R,y ) / R s

the shear deformation effect has been calculated using Eg;, =100(Rg, — Ry, ) / Ry, ; and the interface slip
o~ Bss| s )/RE ., - From Table 1-4 and Figures 4-5,

effect has been calculated using £, = IOO(RSS

it can be seen that:

16 16
- Simply supported Fixed supported
12 12F
og._: 8 - §d 8 I~
o’ ES
4+ 4+
0 1 1 I I I 0 1 1 1 I I
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Mode oder Mode oder
Figure 5. Relationship between the interface slip effect and the mode orders of flexural natural
vibration

Tablel. Comparison between calculation results of the ANSYS model and the analytical model
(L=14m, simply supported)

Calculation Natural frequencies/Hz

" methods st 2nd 3rd 4th 5th
Ry 6.21 21.16 44.88 77.66 119.67

Ry 6.05 19.26 38.03 60.47 84.98

0.25 Ry 6.09 19.45 37.87 59.30 82.25
Esp 1% 2.63 9.92 17.99 28.42 40.82

Ess 1% -0.76 -1.02 0.44 1.97 3.31
Ry 6.52 22.12 46.15 79.09 121.10

Ry 6.37 20.05 38.83 61.11 85.46

0.40 Ryx 6.40 20.14 38.57 59.92 82.77
Esp 1% 2.50 10.32 18.85 29.43 41.71

Ess 1% -0.56 -0.42 0.66 1.98 3.24
Ry 6.84 23.07 47.58 80.84 123.01

Ry 6.52 20.85 39.78 61.90 86.09

0.60 R 6.65 20.86 39.40 60.68 83.43
Esp 1% 4.88 10.69 19.60 30.59 42.88

Ess 1% -1.95 -0.04 0.97 2.01 3.19
Ry 7.00 23.87 48.85 82.43 124.76

Ry 6.68 21.48 40.42 62.70 86.73

0.80 Ryx 6.82 21.42 40.11 61.37 84.04
Esp 1% 4.76 11.11 20.87 31.47 43.85

Ess 1% -1.95 0.29 0.76 2.16 3.20
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Ry, 7.16 24.67 50.13 83.86 126.35
Ry 6.84 21.96 41.22 63.34 87.21
1.00 Ry 6.93 21.88 40.74 62.00 84.61
Eg, 1% 4.65 12.32 21.62 32.41 44.89
Es 1% -1.25 0.37 1.18 2.15 3.07
Eg /% 13.71 12.47 7.58 4.55 2.86

Table 2. Comparison between calculation results of the ANSYS model and the analytical model
(L=14m, fixed supported)

Calculation Natural frequencies/Hz

g methods 1st 2nd 3rd 4th 5th
Ry, 11.94 31.19 59.68 97.23 144.28

Ry 10.66 25.78 44.88 66.68 90.07

0.25 Ry 10.81 26.02 45.43 67.41 91.02
Eg, 1% 11.94 20.99 32.98 45.82 60.19

Egs /% -1.33 -0.93 -1.21 -1.09 -1.04
Ry 12.41 32.15 60.79 98.50 145.13

Ry 11.14 26.26 45.51 67.15 90.39

0.40 Ry 11.17 26.51 45.96 67.92 91.48
Eg, 1% 11.43 22.42 33.57 46.68 60.56

Ess /% -0.27 -0.94 -0.97 -1.12 -1.19
Ry, 13.05 33.10 62.22 100.10 146.88

R 11.46 26.73 45.99 67.63 91.02

0.60 Rix 11.56 27.06 46.59 68.54 92.05
Egy, 1% 13.89 23.81 35.29 48.00 61.36

Ess /% -0.85 -1.20 -1.30 -1.32 -1.12
Ry, 13.53 34.05 63.49 101.53 148.47

R 11.78 27.21 46.63 68.27 91.34

0.80 Ry 11.86 27.53 47.16 69.11 92.59
Egp 1% 14.86 25.15 36.18 48.72 62.54

Egs /% -0.72 -1.16 -1.12 -1.22 -1.35
Ry 13.84 34.85 64.61 102.96 149.90

Ry 12.09 27.69 47.10 68.75 91.82

1.00 Rix 12.11 27.94 47.66 69.64 93.10
Egy, 1% 14.47 25.86 37.16 49.77 63.26

Egs 1% -0.12 -0.89 -1.17 -1.28 -1.37

Eg /% 12.06 7.36 4.92 3.30 2.29

Table 3. Comparison between calculation results of the ANSYS model and the analytical model
(L=16m, simply supported)
Calculation Natural frequencies/Hz
methods Ist 2nd 3rd 4th 5th

0.25 Ryp 4.77 16.39 34.53 59.83 92.14
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Ry 4.61 15.28 30.39 48.85 69.38

Ry 478 15.38 30.34 48.22 67.78

Egp /% 3.45 7.29 13.61 22.48 32.80

Egs /% -3.41 -0.68 0.19 1.32 2.36

Ry, 5.09 17.19 35.65 61.11 93.41

Ry 4.93 15.91 31.03 49.49 69.86

0.40 Ry 5.02 15.98 31.00 48.83 68.31
Egp 1% 3.23 8.00 14.87 23.47 33.71

Egs /% -1.69 -0.40 0.11 1.36 2.27

Ry, 5.25 17.98 36.92 62.54 95.00

Ry 5.09 16.55 31.83 50.13 70.50

0.60 R 5.21 16.60 31.76 49.56 68.97
Egp 1% 3.12 8.65 16.00 24.76 34.76

Egs /% -2.27 -0.28 0.20 1.14 2.22

Ry, 5.41 18.62 38.03 63.81 96.44

R 5.25 17.03 32.62 50.92 71.13

0.80 Ry 5.33 17.07 32.41 50.22 69.57
Esp 1% 3.03 9.35 16.59 25.31 35.57

Egs /% -1.49 -0.26 0.65 1.39 2.25

Ry, 5.57 19.10 38.99 65.09 97.87

Ry 5.41 17.50 33.10 51.56 71.77

0.80 Ry 5.41 17.45 32.98 50.83 70.13
Egp 1% 2.94 9.09 17.79 26.23 36.36

Ess /% -0.06 0.29 0.37 1.45 2.33

Eg /% 13.31 13.47 8.71 5.41 3.47

Table 4. Comparison between calculation results of the ANSYS model and the analytical model
(L=16m, fixed supported)

Calculation Natural frequencies/Hz
4 methods 1st 2nd 3rd 4th 5th

Ry, 9.23 24.03 45.99 74.79 110.60

Ry 8.43 20.53 36.44 54.58 74.47

0.25 Ry 8.54 20.81 36.76 55.13 75.11
Eg, 1% 9.43 17.05 26.20 37.03 48.50

Es % -1.21 -1.33 -0.87 -0.99 -0.85

Ry, 9.71 24.82 46.94 75.91 111.71

Ry 8.75 21.01 36.92 55.06 74.95

0.40 Ry 8.86 21.25 37.26 55.62 75.56
Egp 1% 10.91 18.18 27.16 37.86 49.04

Egs /% -1.18 -1.16 -0.92 -1.00 -0.80

R, 10.18 25.62 48.06 77.18 113.14

0.60 R 9.07 21.64 37.56 55.70 75.43
Ry 9.19 21.76 37.86 56.21 76.12
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Eg, /% 12.28 18.38 27.97 38.57 50.00

Egs 1% -1.29 -0.52 -0.80 -0.92 -0.91
R, 10.50 26.42 49.17 78.45 114.58

Rgs 9.39 21.96 38.03 56.17 75.91

0.80 Ry 9.45 22.18 38.38 56.76 76.65
Eg, 1% 11.86 20.29 29.29 39.66 50.94

Ess 1% -0.60 -0.99 -0.90 -1.02 -0.97
Ry, 10.82 27.05 49.97 79.57 115.85

Ry 9.55 22.28 38.51 56.65 76.38

1.00 Ry 9.65 22.55 38.85 57.26 77.14
Eg 1% 13.33 21.43 29.75 40.45 51.67

Es 1% -1.08 -1.19 -0.86 -1.06 -0.98

Eg /% 13.06 8.37 5.67 3.86 2.70

Considering both the shear deformation and the interfacial slip effect, the average computational
error between the theoretical method developed in this study and ANSYS finite element method in
calculating the first five order flexural natural vibration frequencies of the simply supported and fixed
end CBBCW beams with the two spans, does not exceed 3.2%, and the maximum error is less than
3.3%. This is an indication that the two results are in good agreement, which shows that the theory
developed in this study is correct.

The flexural natural vibration frequencies of the CBBCW increases with increase of the interface
slip stiffness, but the increase rate decreases with increase of the flexural natural vibration frequency
orders of the CBBCW, i.e. the interface slip effect decreases with increase of the flexural natural
vibration frequency orders of the CBBCW. The interface slip effect on the CBBCW fundamental
frequency is up to 13%, which cannot be neglected in the calculation.

The maximum shear deformation effect of the simply supported CBBCW is 45%, and the
maximum shear deformation effect of the fixed supported end CBBCW is 63%. This is an indication
that the shear deformation effect of the CBBCW is significant, i.e. the shear deformation has a
significant effect on the flexural natural vibration frequency of the CBBCW, which cannot be ignored
in the calculation. Further, the shear deformation effect increases significantly with the order of
flexural natural vibration frequency.

The shear deformation effect of the CBBCW increases with increase of the shear connection degree,
but the increase is very small. The curves between the shear deformation effect of the CBBCW beam
and the flexural natural vibration frequency order under different shear connection degrees basically
coincide. The results show that the shear connection degree has no significant effect on the shear
deformation effect of the CBBCW.

6. Conclusions

Using the Hamilton principle and based on the factors such as the shear deformation, interfacial slip
and moment of inertia, the flexural natural vibration frequency analysis method for CBBCW has been
developed. By comparing the results of the analytical solution with those of the numerical solution of
the finite element method, the analytical calculation method developed in this study has been proved
to be correct.

The interface slip effect of the CBBCW decreases with increase of the order of the flexural natural
vibration frequency, and the interface slip effect of the fundamental frequency cannot be neglected in
the calculation.

The shear deformation of the CBBCW has a significant effect on the flexural natural vibration
frequency, which cannot be neglected in the calculation. Further, the shear deformation effect
increases significantly with increase of the order of the flexural natural vibration frequency.
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The shear connection degree has little effect on the shear deformation effect of the CBBCW.
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