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Analysis on natural vibration characteristics
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Abstract.  In order to study the natural vibration characteristics of steel-concrete composite truss beam (SCCTB), the influence
of multiple factors such as interface slip, shear deformation and moment of inertia are considered. Afterwards, based on the
Hamilton principle the vibration control differential equation and natural boundary conditions of SCCTB are deduced. By
solving SCCTB differential equations of vibration control, an analytical calculation method is proposed for analyzing the natural
vibration characteristics of SCCTB. The natural frequencies of SCCTBs with different degrees of shear connection and effective
lengths are calculated by using the analytical method, and the results are compared against those obtained from ANSYS finite
element numerical calculation method. The results show that the analytical method considering the influence factors such as
interface slip, shear deformation and moment of inertia are in good agreement with those obtained from ANSYS finite element
numerical calculation method. This evidences the correctness of the analytical method and show that the method proposed
exhibits improvement over the previously developed theories for the natural vibration characteristics of SCCTB. Finally, based
on the analytical method, the influence factors of SCCTB natural vibration characteristics are analyzed. The results indicate that
the influence of interface slip stiffness on SCCTB's natural frequency is more than 10% and therefore cannot be neglected.
Moreover, shear deformation has an effect of more than 35% on SCCTB’s natural frequency and the effect cannot be ignored
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either in this case too.
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1. Introduction

Steel-concrete composite truss beam (SCCTB) is made
up of steel truss and concrete slab. Steel truss and concrete
slab are connected through stud connectors so that the two
can bear the applied load together. It will help to take full
advantage of compressive performance of concrete slab,
shear and tensile performance of steel truss. SCCTB has a
large bending stiffness and excellent seismic performance,
so it is suitable for large-span bridge structures. The stud
connectors between steel truss and concrete slab cannot be
absolutely rigid. Even for a full composite design, the
deflection obtained by ignoring the interface slip effect will
be underestimated as compared to the experimental
measurements. This indicates that the mechanical property
of SCCTB is influenced by the slip effect (Nie et al. 2004,
Nie et al. 2007, Ding et al. 2016, Liu et al. 2016, Zhou et
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al. 2016).

At present, the researches on the mechanical properties
of SCCTB are limited in technical literature domain. Giltner
and Kassimali (2000) developed a method of equivalent
beam to replace the trusses with the beam elements, which
reduces the size of the computer model required for
analysis. Machacek and Cudejko (2009, 2010, 2011) has
conducted experimental study and theoretical analysis of
the interface longitudinal shear force distribution of
SCCTB. Bouchair et al. (2012) proposed a calculation
method to control interface relative slip by using shear stud
connectors. Bujnak and Bouchair (2014) has compared the
result from finite element numerical calculation method
with the experimental results. They found that the local
effects of concentrated longitudinal shear forces should be
appropriately examined in SCCTB having the welded
headed studs, located at the steel-concrete interface. Several
effects on shear connection behaviour are also studied, for
e.g., Chan and Fong (2011a) has done some experimental
study and theoretical analysis, and concluded that the use of
effective length method in linear analysis and design
method is less convenient and accurate than the second-
order analysis. On the basis of literature (Chan and Fong
2011a), Fong et al. (2011b) further proved that the second-
order analysis method was not only an accurate design
method, but also avoid the uncertain approximate value of
the effective length. Duratna et al. (2013) analyzed the
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Fig. 1 SCCTB cross-sectional size and coordinate system

behavior of SCCTB based on a finite element model and the
parametric study including the diameter of the shear
connectors, the degree of connection, the top chord section,
and the material characteristics. The results showed that the
shear connection in SCCTB reduces its deflection by
approximately 50% in comparison to the steel truss.
Further, a significant influence of the top chord section on
the shear forces in the shear connectors was also observed.
In order to completely understand the actual capacity of the
SCCTB to transfer the shear stresses from the bottom plate
of the truss to the concrete, significant theoretical and
experimental work has been carried out. The SCCTB is
typically composed by a steel plate or a precast concrete
slab working as bottom chord, a system of ribbed or smooth
steel rebars welded to form the diagonals of the truss and
coupled rebars used to form the upper chord (Aiello 2008,
Colajanni et al. 2014, 2015a). Siekierski (2016a) analyzed
the effects of shrinkage of concrete slab in SCCTB and
developed a set of linear equations to compute the axial
forces in members of the flange of truss girder and
transverse shear forces in SCCTB. Campione et al. (2016),
Colajanni et al. (2017) studied the evaluation of the shear
resistance of the connections between the bottom chord and
concrete slab through the oblique web members of SCCTB
and developed a mechanical model that could account for
the particular issues arising in this beam typology. The
contribution of the steel plate was taken into account in the
resisting mechanism. The experimental and numerical
results of the two references were employed for the
validation of the proposed analytical expressions. Colajanni
et al. (2015b) had dealt with the flexural response of
composite trussed beams connected to R.C. columns, and
focusing on the evaluation of strength, rotational capacity
and ductility of the end sections of the beam, the plastic
hinges were usually placed. Siekierski (2016b) developed
an analytical method, focusing on the evaluation of
strength, rotational capacity and ductility of the end sections
of the beam in which the plastic hinges were usually placed
for the estimation of the natural bending frequency of
SCCTB. Computed results were compared with frequencies
recorded during bridge testing, and the results showed that
taking into consideration the joint action of the truss beams
and the composite deck, as well as the limited shear
stiffness provided by diagonal bracing, would significantly
improve the accuracy of the assessment provided by the
analytical method. The static behavior of SCCTB was
analyzed in detail using the linear finite element method by
(Han et al. 2005). Han (2004) calculated the natural
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Fig. 2 SCCTB structural design

frequencies and mode shapes of SCCTB by subspace
iterative method, and all kinds of influencing factors
including pre-stress of cables, boundary condition,
decentration of plate and rib, span-to-height ratio, added
mass and node stiffness were analyzed.

It can be seen from the above literatures that the
mechanical properties of SCCTB are affected by shear
deformation and interface slip effect. However, the study on
natural  vibration characteristic of SCCTB  with
comprehensive consideration of shear deformation and
interface slip effect is very limited. Therefore, by using the
Hamilton principle, the influence of multiple factors such as
slip, shear deformation and moment of inertia of SCCTB
are considered and the natural vibration characteristics of
SCCTB are analyzed by using the analytical method.
Finally, the results of the analytical solution are compared
with those of the ANSYS finite element calculation and the
correctness of the analytical solution is verified. It will lay
the theoretical foundation for further development of the
dynamic characteristics of SCCTB, and can draw some
meaningful conclusions for engineering design.

2. Basic assumptions

The cross-sectional size and coordinate system of
SCCTB are both shown in Fig. 1, and SCCTB structural
design is shown in Fig. 2. According to the characteristics
of SCCTB, the following simplified assumptions can be
made in order to simplify the calculation.

The analysis of natural vibration frequency of SCCTB is
carried out based on assumptions of small deformation and
both of steel and concrete materials being in elastic stage.

The longitudinal displacements of the upper chords,
lower chords and the concrete slab could be expressed as
the superposition of the longitudinal displacement meeting
the respective plane cross-section assumption and the
longitudinal displacement caused by the interface slip, and
can be expressed as

U (X, y,2,t) =k &E(xt)—(z—2,)6(xt)

U, (X, y,2,t) =k &(xt)—(z2—-2,)0(xt)

According to the literatures (Zhou et al. 2012, Zhou et
al. 2013, Zhou et al. 2013, Zhou et al. 2015), the following
equations can be obtained

k. =—A/A, k=A/(nA) 3)

where, uy (i=1,2,3,4) are the longitudinal displacements of
concrete roof slab, concrete cantilever slab, upper chord and

i=12 (1)
i=34 (2)
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lower chord, respectively; 6(x,t) is cross-section rotation
function of concrete slab and steel truss; &(x,t) is the
difference between the longitudinal displacements at
centroids of concrete slab and steel truss; 2b, and b, are
widths of the concrete roof and cantilever slabs
respectively; t; and t, are thicknesses of concrete roof and
cantilever slabs, respectively; bs, b,, bs, bg, b; and bg are
lengths of the upper chord, lower chord, oblique web
member, vertical web member, lower horizontal connection
member and oblique bracing member, respectively; L is the
effective span of SCCTB; Hs, T;, h; and t; are the height
and width of external and inner walls of upper chord; H,,
T4, hy and t, are the height and width of external and inner
walls of lower chord; Hs, Ts, hs and t; are the height and
width of external and inner walls of oblique web member;
Hg, Ts, hg and tg are the height and width of external and
inner walls of vertical web member; H;, T;, h; and t; are the
height and width of external and inner walls of lower
horizontal connection member; Hg, Tg, hg and tg are the
height and width of external and inner walls of oblique
bracing member; z, z, and z, are the coordinates in z
direction of centroids of concrete slab, lower chord and
steel truss, respectively; n=EJ/E., where E is the elastic
modulus of steel truss and E. is that of the concrete slab;
A=2bity;  Ag=2boty;  As=2(HsTa—hsts);  Ag=2(H,Ts—hats);
As=2(HsTs—hsts); As=2(HsTshets); A=H;T—haty;
Ag=HgTg—hgts; A=A+A, is the cross-section area of
concrete slab; A,,=As+A, is the sum of cross-section areas
of upper and lower chords; A=A +Assin’o+Agcos’s is the
sum of effective cross-section areas of members in steel
truss; a is the angle between oblique and vertical web
members; S is the angle between horizontal connection
member and oblique bracing members; Aj=A/n+A,.

3. Vibration control differential equations of SCCTB
and their solutions

3.1 Expressions for strain and stress of each point
within cross-section

The axial displacement of the oblique web member can
be given by
A, =0, cosa 4)

6, =b, (W -0) ®)

Based on the above expression for longitudinal
displacement of cross-section, the expressions for strain at
each point in cross-section of SCCTB can be expressed as
follows

o0& o0 .
=k =—(z-z,)— 1=12 6
g)(l C aX ( [)ax ()
o¢ o0 .
=k.—=—-(z-z.)— i=3,4 7
Xi S 6X ( 5)6X ()
A, bbb,
%= e (WO (8)

0 06 B
&y :[kSa—f—(z—zs)&}cos B 9)
Vxz ZWI—Q (10)

where, ¢, (i=1,2,3,4) are the normal strains of concrete roof
slab, concrete cantilever slab, upper chord and lower chord,
respectively; & is the normal strain of oblique web
member; y,, is the shear strain of the chords; ¢, is the
normal strain of oblique bracing member.

According to assumption, the longitudinal relative slip
{(x,t) between slab and truss can be obtained by Eq. (1)
and Eq. (2)

S(xt)=&+ho+ho=E+ho (11)

where, h=hth;; h, and h, are the distances from the
centroids of concrete slab and steel truss to the interface,
respectively.

According to the above strain model, the stress at each
point of cross-section of SCCTB can be expressed as
follows

- o& 007 .
0 = c[kc&—(z—zt)&} i=12 (12)
o4 = Es[ksaa—i—(z—zs)g—)ﬂ i=34 (13)
b,b, (oW
=6 53(50) a8
g(X,t)zkslé’(X,t)zksl (95+h0) (15)
ow
Tz :Gs (&_9) (16)

Interface slip stiffness can be expressed as (Nie et al.
2005, Zhou et al. 2016)

ksl = kl/ls ' k1 :O'G6nsvu’ Vu = A§ fsrls/(Lns) (17)

where, |5 is the longitudinal distance of stud connectors; ng
is the number of stud connectors in each row; V, is the shear
resistance of single stud; f; is the tensile strength of stud; r
is the degree of shear connection; Gs is the steel shear
modulus; kg is the interface slip stiffness; k; is the stiffness
of single stud.

3.2 Strain energy and kinetic energy of SCCTB

The strain energy of SCCTB can be expressed as
follows

1 4
V= EIL(g'[A O—xigxidA-}_J.A(g sz}/xsz
) b (18)
+J.A5 iofggfgdA+ J.ASEjchgxch+g§jdX

Substituting Egs. (6)-(16) into Eqg. (18), we can obtain
as

v :%L[Dé’z ~208'0'+10% +0 + F(W -6)° dx (19)
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3
D=Ek A +EKkIA,+EKIA (%j (20)
8

J= kCL\ E.(z-2)dA+ ksjAx E.(z-2z JdA

b\ (21)
+k5(ajj AE (z,-1)
|=jA“ Ec(z—zt)szJrj% E,(z-2) dA
b\’ , (22)
J{Ejj AE,(z,-1,)
F=EA b4b?sz +G A, (23)

The total kinetic energy with consider of moment of
inertia can be obtained as

1 ) 4 . .
T- EILKmWZ + 21: [ \ piuisz+JAeq P, dA
N (24)
+ EI% psuszde

8

where, m:;mi; M=pA1; My=pAz Mz=pAs; M=p Ay,
Ms=psPeq; Me=PsPeeqs M7=PsA7eqs Me=PsAgeqs Aeqr Aeeqr Aveq
and A, are the longitudinal equivalent areas of oblique
web member, vertical web member, lower horizontal
connection and oblique bracing member, respectively;
A =Asbs/b, is the equivalent cross-section area of oblique
web member; t,,=Aq/bg is the equivalent cross-section
thickness of oblique web member; p. is the concrete
density; p; is the steel density.

By substituting Egs. (1) and (2) into Eq. (24), the
total kinetic energy can be obtained as

_ 1 5 " .. .2
T _EIL(mW + D& - 2J,£0+1,6 Jix (25)

Dl = pckaAE +psk52A<g +psksz&q +%psksz'a§ (26)
4
Jl=J'Atpckc(z—zt)dA+J‘AXgpsks(z—zs)dA
_ baksABps _ (27)
+JAeqpsks(z zs)dA+—b4 (z,-2,
|l:J‘Acpc(Z—Zt)zdA+J‘AKgpS(Z—ZS)2dA
(28)

+J‘Am1 pS(Z—Zs)Z dA‘i‘E‘—;Ag,OS (Zb _Zs)z

where, “” and “'” represents the partial derivatives of the
time t and coordinate x, respectively (similarly hereinafter).

3.3 Vibration control differential equations and
boundary conditions

The total potential energy of the SCCTB can be
expressed as

1 1enpL . Z 20 )
.[to (T _V)dt - E.[Io Jo |:mW2 + Dlé:z _2J1§9+ |192 (29)
~DE?+23£0' 10" —F (W=0)" +c¢]dxclt

Based on the Hamilton principle (Morassi et al. 2007),
bending vibration differential equations and natural
boundary conditions of SCCTB can be expressed as

DE"—k,& ~J0"+3,0-DE =0 (30)
F(wW'—6)—mir=0 (31)

10"-3&"—k,Sh+3,E-1,6+F(W-0)=0 (32)

(D&'-36)3¢), =0 (33)
F(w-6)sw|, =0 (34)
(10'-3¢") 6] =0 (35)

3.4 Solution of vibration control differential equations
of SCCTB

Let
E(xt)=&(x)sin(at+p) (36)
wW(x,t)=w (x)sin(at+¢) (37)
O(x,t) =6 (x)sin(at+¢) (38)

where, & (x), wy(x) and 0,(x) are the amplitude functions.
Let
—C
ox
By substituting Eqgs. (36)-(38) into Egs. (30)-(32), we
can obtain

(39)

(DA* —ky + D0’ )& —(JA% +3,0° +k;h)6, =0 (40)

(FA* +ma’)w, —F 26, =0 (41)
(347 —k4h=J,0° )& + Faw,
2 2 2 (42)
+(12° = kyh* + L, —=F )6, =0
DA’ -k, + D0’ 0 -JA? -0 -k h
0 FA? +me’ -FA U,=0
-3 —k,h-J,0° FA 1A% —k4h* + 1,@* - F
(43)

where, | | represents the determinant of a matrix.
The solutions of vibration equations can be obtained by
using the following expressions

&= iaiﬂli EXp(ﬂﬁX) (44)
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W, = iaiﬂzi exp(4x) (45)

6, = i 3, By exp (4 X) (46)
B={fu. Bt} =126 (47)
P (49)

where, {a;, a,,...,as} " is the integration constant vector, /; is
the characteristic root of the Eq. (43).

3.5 Solution for the natural vibration frequency

From Egs. (33)-(35), the common boundary conditions
of SCCTB can be obtained as:

(1) Natural boundary condition at simply supported end
are

éllx:O,L = vle:O,L = gllx:O,L = 0 (50)
(2) Natural boundary condition at fixed end are
glx:O,L = \N|><:D,L = Hlx:D,L = 0 (51)

From Egs. (50) and (51), it is clear that there are three
natural boundary conditions at either end of the SCCTB.
Substituting Egs. (44)-(46) into the boundary conditions,
six equations can be obtained. So the characteristic matrix
equation of SCCTB with respect to the integration constant

a; can be expressed as

[B(o)]{a, 2,3} =0 (52)

Only the following is required to obtain the untrivial
solution of the integration constant vector

B(e)=0 (53)

By using the MATLAB, a numerical calculation
program is developed for solving the characteristic equation
determinant, so that the natural vibration frequencies of
SCCTB wj (i=1,2,.....) can be obtained.

3.6 Degeneration of vibration equations

In order to study the effect of shear deformation on
natural vibration properties of SCCTB, in this paper, the
degeneration is conducted on vibration equations and
boundary conditions. It can help to obtain the vibration
equations and boundary conditions without taking the
influence of shear deformation

DE"—k, (E+hw)—Iw"+J W -DE=0  (54)
W —J&" K, (E+hw)h+I,E—mi— 1w =0  (55)

(DE' - W")5E|; =0 (56)

(W"=3&"—k,ch+ 3, E-1W)sw|, =0 (57)

(W' - 3&)ow|; =0 (58)

The method of solving natural vibration frequency of
SCCTB without considering the effect of shear deformation
follows the similar procedure as mentioned above.

4. Computational examples

By taking into account two groups of SCCTBs with
different spans as examples, where each group of SCCTBs
contains five degrees of shear connections. The natural
vibration frequencies of SCCTB were calculated by
employing the analytical method and ANSY'S finite element
method. The mechanical and geometric parameters of
SCCTBs are as follows: ps=7900 kg-m®, 1,=0.30, 1,=0.20,
pc=2400 kg-m?, t,=0.14 m, t,=0.14 m, b;=0.40 m, b,=0.25
m, b;=0.20 m, b,=0.25 m, bs=0.470 m, bs=0.40 m, b,=0.80
m, bg=0.84 m, H;=0.04 m, H,=0.04 m, H;=0.043 m,
H¢=0.022 m, H,=H¢=0.022 m, h;=h,=0.034 m, h;=0.037 m,
he=h;=hg=0.017 m, T3=T,=0.04 m, T5=0.043 m,
Te=T.=T4=0.022 m, t;=t,=0.034 m, t;=0.037 m, t;=0.017 m,
t;=t,=0.017 m, E=2.0x10" N-m?, E.=4.5x10'° N-m?2
G.=7.69x10% N-m? The span of SCCTB in Group 1 is
L,=10 m while in Group 2 is L,=20 m. In order to verify the
practicability of the above theoretical model, ANSYS finite
element method was used for the simulation analysis.
SOLID65 element was used to simulate the concrete slab.
The SOLIDG65 element can simulate the nonlinear property
of concrete. The element behaves as a linear elastic material
until the stress reaches the tension or compression strength.
After cracking, the tension stress of the concrete element is
set to zero in the direction normal to the crack plane. The
shear transfer coefficient f; for open cracks and f. for
closed cracks determines the amount of shear transferred
across the cracks. The value of the shear transfer coefficient
ranges from 0.0 to 1.0, with 0.0 representing no shear
transfer at a crack section and 1.0 representing full shear
transfer. SHELL43 element was employed to simulate the
chords. In order to ensure adequate studs between the
chords and concrete slabs, the SHELL43 elements were
subdivided into the same meshes as the concrete slabs.
LINK8 element was used to simulate the web members,
lower horizontal connections and oblique bracings. The
LINKS element is a spar which may be used in a variety of
engineering applications. Depending upon the application,
the element may be thought of as a truss element, a cable
element, a link element, a spring element, etc. The three-
dimensional spar element is a uniaxial tension-compression
element with three degrees of freedom at each node. As in a
pin-jointed structure, no bending of the element is
considered. The element is defined by two nodes, the cross-
sectional area, an initial strain, and the material properties.
Therefore, based on small deformation assumption, the
LINK8 element can be employed to simulate the oblique
web member, vertical web member, lower horizontal
connection member and oblique bracing member. The
COMBIN14 element was used to simulate the stud



84 Lizhong Jiang, Yulin Feng, Wangbao Zhou and Binbin He

Table 1 Comparison of calculation results of natural vibration frequency of SCCTB with a span of 10 m

Degree of shear

Natural vibration frequency (Hz)

Computing methods

connection 1st 2nd 3rd 4th 5th 6th
General composite 9.39 24.82 47.89 7861 11664  162.16
truss beam theory
__ Method considering 8.1 2291 4217 6556 9214  120.94
0.45 influence of shear deformation
' ANSYS finite element 9.07 2280 4174 6534 9349  126.15
method
Effect of shear deformation (%) 5.35 8.33 13.58 19.90 26.59 34.08
Calculation error (%) -1.78 0.50 1.03 0.33 -1.45 -4.12
General composite 9.71 2546 4870 7941 11760  163.11
truss beam theory
. Method considering 9.23 2339 4281 6620 9262 12142
0.8 influence of shear deformation
: ANSYS finite element
method 9.33 23.14 42.09 65.66 93.78 126.41
Effect of shear deformation (%) 5.17 8.84 13.75 19.95 26.97 34.34
Calculation error (%) -1.12 111 1.71 0.82 -1.24 -3.95
General composite 9.87 2578 49.17 79.89 11808  163.75
truss beam theory
Method considering
o influence of shear deformation 9.39 23.71 43.12 66.36 92.93 121.58
. ANSYS finite element
method 9.45 23.30 42.27 65.83 93.94 126.55
Effect of shear deformation (%) 5.08 8.72 14.02 20.38 27.05 34.68
Calculation error (%) -0.72 1.75 2.02 0.80 -1.07 -3.93
General composite 10.19 26.42 50.13 81.00 11935  165.02
truss beam theory
Method considering
. influence of shear deformation 9.71 24.19 43.60 67.00 93.25 121.74
' ANSYS finite element 9.70 2367 4268 6623 9430  126.89
method
Effect of shear deformation (%) 5.11 8.73 14.45 20.39 27.49 35.04
Calculation error (%) 0.06 2.22 2.16 1.15 -1.12 -4.06
General composite 10.50 27.05 50.92 8211 12047  166.30
truss beam theory
. Method considering 1003 2467 4424 6763 9389 12238
20 influence of shear deformation
' ANSYS finite element 989 2396 4304 6659 9464  127.20
method
Effect of shear deformation (%) 4.76 9.68 15.11 21.41 28.08 35.54
Calculation error (%) 141 2.94 2.79 1.56 -0.63 -3.54
Average value of calculation error (%) -0.43 1.71 2.02 0.98 -1.03 -3.84
Effect of interface slip (%) 8.95 5.09 3.12 191 1.23 0.83

connectors, a group of which was used as the equivalent of
one single stud to avoid the calculation of non-convergence
caused by the stress concentration of studs. The
COMBIN14 element is a spring-damper element, which
has longitudinal or torsional capability in 1D, 2D, or 3D
applications. The longitudinal spring-damper option is a
uniaxial tension-compression element with up to three
degrees of freedom at each node. No bending or torsion is
considered. The torsional spring-damper option is a purely
rotational element with three degrees of freedom at each
node. No bending or axial loads are considered. The elastic
modulus of the spring element was calculated by using Eq.
(17). The vertical interactions at the interface between the
concrete slab and steel beam were achieved by coupling the

free degrees in the vertical direction of the nodes at the
same position, i.e., ignoring the vertical separation between
concrete slab and steel truss beam. The simulation results
are compared against the theoretical results, as shown in
Tables 1-2.

It can be seen from Tables 1-2 and Figs. 3-4 that: the
computational theory proposed in this paper and ANSYS
finite element method in the calculation of the first 6-order
natural vibration frequencies of the two groups of SCCTB
are in good agreement with each other. Moreover, the error
does not exceed 4.2%, which proves the accuracy of the
theory method applied in this paper.

The interface slip effect on the SCCTB’s natural
vibration frequencies decreases with the increase in the



Table 2 Comparison of calculation results of natural vibration frequency of SCCTB with a span of 12 m

Analysis on natural vibration characteristics of steel-concrete composite truss beam

Degree of shear

Computing methods

Natural vibration frequency (Hz)

connection 1st 2nd 3rd 4th 5th 6th
General composite 6.52 17.34 33.41 54.74 8132  112.98
truss beam theory
__ Method considering 6.36 16.39 3055 47.89 68.11 90.39
0.45 influence of shear deformation
' ANSYS finite element 650 1643 3019 4731 6762 9107
method
Effect of shear deformation (%) 2.50 5.82 9.38 14.28 19.40 25.00
Calculation error (%) -2.11 -0.27 121 1.25 0.71 -0.75
General composite 6.84 17.82 34.05 55.53 81.95  113.78
truss beam theory
__ Method considering 6.68 1686 3103 4837 6858  90.86
08 influence of shear deformation
: ANSYS finite element
method 6.72 16.74 30.52 47.62 67.91 91.32
Effect of shear deformation (%) 2.38 5.66 9.74 14.80 19.49 25.22
Calculation error (%) -0.56 0.79 1.68 1.60 1.00 -0.50
General composite
truss beam theory 7.00 18.14 34.37 55.86 82.43 114.26
Method considering
10 influence of shear deformation 6.68 17.03 3119 48.69 68.91 9118
' ANSYS finite element 682 1688 3069 4778 6806 9146
method
Effect of shear deformation (%) 4.76 6.54 10.20 14.70 19.63 25.31
Calculation error (%) -2.01 0.85 1.63 1.91 1.25 -0.30
General composite 7.16 18.62 35.17 56.81 8339  115.37
truss beam theory
. Method considering 7.00 1750 3182 4933 6954 9166
15 influence of shear deformation
' ANSYS finite element 7.02 1720 3107 4816 6841 9179
method
Effect of shear deformation (%) 2.27 6.36 10.50 15.16 19.91 25.87
Calculation error (%) -0.23 1.77 2.45 243 1.64 -0.13
General composite 7.48 19.09 35.80 57.60 8434  116.33
truss beam theory
__ Method considering 7.16 17.82 32.30 49.81 70.02 92.29
20 influence of shear deformation
' ANSYS finite element 7.16 1746 3139 4850 6874 9209
method
Effect of shear deformation (%) 4.44 7.14 10.84 15.65 20.45 26.03
Calculation error (%) 0.08 2.09 291 271 1.86 0.22
Average value of calculation error (%) -0.99 1.04 1.87 1.98 1.30 -0.29
Effect of interface slip (%) 10.15 6.23 3.97 251 1.65 1.12

natural vibration frequency. On the other hand, the
SCCTB’s shear deformation effect increases with the
increase in natural vibration frequency. The analysis
indicates that the low-order vibration mode curve of
SCCTB is mainly composed of cross-section rotation
deformation, while the shear deformation only plays a small
part in the low-order vibration mode curve.

The interface slip effect on SCCTB’s low-order natural
vibration frequencies is greater than 10%. The shear
deformation effect on SCCTB’s low-order natural vibration
frequencies is found to be small, while that of the high-
order natural vibration frequencies is found more than 35%.
The overall analysis indicates that the influence of interface
slip and shear deformation on natural vibration frequencies
of SCCTB cannot be neglected.

5. Conclusions

Based on the concept of transformed section and
displacement superposition, the calculation method of
SCCTB’s natural vibration frequency is developed. The
derivation of the calculation method in this paper is
theoretically  appropriate.  Through the theoretical
calculation and finite element numerical simulations of 10
SCCTBs with different degrees of shear connection and
effective spans as examples, the following conclusions are
obtained:

» Comprehensively, by considering the influence of

shear deformation, interface slip and moment of inertia,

the theoretically calculated results of SCCTB’s natural
vibration frequencies are found to be in good agreement
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Fig. 3 Relationship between contribution of shear
deformation and the mode orders of flexural natural
vibration

with the finite element numerical results, which proves
the correctness of the developed method.

e The shear deformation effect of SCCTB’s low-order
natural vibration frequencies is small.

* The SCCTB’s shear deformation effect increases with
the increase in natural vibration frequency. The
calculation result of SCCTB’s natural vibration
frequency would be much larger than the actual result,
when the shear deformation is not taken into account.

* The interface slip effect of SCCTB's natural vibration
frequencies decreases with the increase in natural
vibration frequency, and the interface slip effect on the
low-order natural vibration frequencies is found to be
more than 10%. Therefore, the effect of interface slip on
the natural vibration frequencies of SCCTB cannot be
ignored.

* SCCTB’s low-order vibration mode curves are mainly
composed of cross-section rotation deformations, while
shear deformation plays a small part in the low-order
vibration mode curves.
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