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Natural frequency of PC composite
simple supported beam with

corrugated steel webs

Li Rongjian1, Liu Xia1

Abstract. The prestressed corrugated sheet steel exhibits a good performance and has been
widely used in the construction of bridges and other similar structures. But the performance
of the prestressed corrugated sheet metal is easily affected by external conditions, especially if
its frequency of self-oscillation decreases the life span. So this paper presents a combination of
corrugated steel web PC simply-supported box girder, the natural frequency of vibration research
of corrugated steel belly PC combination of simply supported box girder structure natural frequency
and dynamic characteristics analysis of corrugated steel web PC combination simply supported box
beam shear lag effect of corrugated steel web PC combination of simply supported box girder shear
effect and the coupling effect of the two is the influence of three important factors, which greatly
influenced by the shear effect, prestress tension and steel anchor beam position is affected, a greater
influence on the steel beam section.

Key words. Corrugated steel web, PC composite, simply supported box girder, natural
frequency.

1. Introduction

With the development of economy and society, the prestressed concrete box girder
has been widely used because of its strong anti-bending and twisting performance.
At the same time, because of the increasing span of prestressed concrete box girder,
the proportion of the beam’s self-weight load increases, which makes the prestressing
force consume most of the internal forces generated by the self-weight of the load
beam, resulting in its economy becoming lower and lower. Therefore, in order to
reduce the weight of prestressed concrete box girder, both in the choice of materials
or structural design have been a high degree of attention. The simple composite
box girder with corrugated steel web can optimize the web structure while reducing
the dead weight of the girder, and it replaces the internal prestressing with the
external prestressing force, so as to achieve the purpose of reducing the weight of the
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structure. However, due to the influence and limitation of the external environment,
the mechanical properties of simply supported PC box girder with corrugated steel
webs will affect its performance. Therefore, the mechanical properties of simply
supported PC box girder with corrugated steel webs have become the research focus
and direction of researchers at home and abroad in recent years. Some scholars
have studied the mechanical behavior of trapezoidal corrugated steel web girders
under fatigue loading, which provides a reliable basis for judging the fatigue life of
corrugated steel web girder [1]. Later, some scholars have put forward the research
on the seismic performance and torsional resistance of corrugated steel web girders,
and some results are obtained [2]. Some scholars have combined the characteristics
of the steel beam with corrugated steel web, and considered the effect of shear
deformation. The formulas for calculating the deflection of steel web with corrugated
steel web under the action of concentrated force are given. This has been helpful for
subsequent in-depth studies [3]. In order to optimize the structure of corrugated steel
web girders and to reduce the weight of the steel girders, some scholars have studied
the effect of prestressed steel web girder accordion, and concluded that the accordion
effect can help the corrugated steel web steel [4].With the research on the mechanical
properties of steel webs with corrugated steel webs, many scholars have shifted their
research points from static mechanics to the study of the dynamic properties of
steel webs with corrugated steel webs. Some scholars have proposed the study of
natural frequencies of steel webs with corrugated steel webs, this reduces the external
influences of corrugated steel webs and improves their overall performance [5].Some
scholars have put forward the in vitro dynamic factors of the natural frequency of
steel webs with corrugated steel webs, which provides a new research direction for
the study of steel webs with corrugated steel webs. Because the study of corrugated
steel web steel girder is relatively late in China, the main research is focused on the
study of static mechanics, and the research of dynamics is still in need of further
study.

Based on the current research and development of PC composite simply sup-
ported box girders with corrugated steel webs, this paper will study the natural
frequency of simply supported PC box girder with corrugated steel webs.In the sec-
ond part, the development and future prospect of PC combined simple box girder
with corrugated steel web will be summarized.In the third part, the structure and
advantages of simply supported PC box girder with corrugated steel web are ex-
pounded, and the factors affecting the natural frequency of simply supported PC
box girder with corrugated steel webs are discussed. In the fourth part, the exper-
imental data of the factors affecting the natural frequency of simply supported PC
box girder with corrugated steel web are analyzed. Finally, the process and results of
the study on natural frequency of simply supported PC box girder with corrugated
steel web are summarized in the fifth part.

2. State of the art

The prestressed concrete box girder has been widely used in the construction of
bridges and other structures before the concrete composite box girders with corru-
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gated steel webs are widely used. However, due to the shortcomings of the longer the
weight of the beams, it makes a lot of scholars to improve the research of concrete
box girder. A French engineer in the initial study of concrete box girder proposed
the use of flat steel plate instead of the idea of concrete webs. As a result of the high
stress of the steel plate, the prestress in the concrete slab will be consumed, and the
web will need to be thickened to prevent the web from bending. The final result
is not ideal [6]. French company Campenon Bernard proposed a further idea that
the using corrugated steel plate replaces flat steel. In this scenario, the corrugated
steel plate replaces the original flat steel plate and can be extended along the bridge,
resulting in a more reasonable structure of the corrugated PC composite bridge. Its
concrete definition is that the corrugated web panel PC composite box beam is a
thin steel plate to replace the traditional concrete box beam thicker web, and the
steel plate is bent into a certain corrugated shape, forming a new, structural force.
A more reasonable box girder structure greatly improves the bridge’s ability to leap
[7]. Then the Japanese introduced the technology, and carried out a lot of research.
With the application of PC box girder with corrugated web, the researchers have
found that external factors affect its mechanical characteristics and even affect the
safety and service life of corrugated PC composite box girder. Therefore, the me-
chanics characteristics of PC box girder with corrugated webs are studied and some
achievements have been obtained. However, there are still few researches on the
dynamics of PC composite box girders with corrugated steel webs, which requires
further study. Figure 1 is the corrugated steel web PC composite simple box girder
bridge construction site map.

3. Methodology

3.1. Structure and advantages of PC composite simply sup-
ported box beam with corrugated steel web

The corrugated web panel PC structure is a simple box beam structure in the
concrete between the upper and lower plate by the steel web instead of concrete thick
web, and the steel web in the bridge is a vertical fold shape, which is the accordion
effect [8]. Although this form is simple, it does not substantially bear the axial forces,
which avoids the problem of prestress loss due to web restraints when using flat steel
plates, and it does not have to be otherwise thickened to avoid the thickness of the
steel web buckling deformation of steel plate. In addition, the interaction between
the corrugated steel web and concrete roof and floor is the combination of the two.
Its main function is to resist the longitudinal shear force between the corrugated
steel web and concrete roof and floor [9]. The connection between corrugated steel
web and concrete roof and floor is usually made by shear connectors. The design
of connection key is directly related to the bearing capacity of the whole structure
and its safety. Prefabrication of corrugated webs is usually done by means of high-
strength bolts or by field welding [10]. The connection between the corrugated
steel web and the concrete roof and floor is usually of two kinds. One is a non-
embedded connection, that is, welding the steel plate at the upper and lower ends
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of the corrugated steel plate, and the steel plate is provided with welding shear nails
to help the corrugated steel plate and the concrete plate to be joined together. The
second connection is an in-line connection, which involves perforating the corrugated
steel plate through the rebar and then welding the longitudinal reinforcement at the
upper and lower ends of the steel plate and finally into the concrete [11]. In addition,
it was also derived from other connection methods. Here is not a repeat. As shown
in Figure 2 is a wave plate and concrete plate connected to the common schematic.

Fig. 1. Two snaps of a bridge constructed with simply supported PC beams with
corrugated steel webs

The merits of the structure of the box-girder structure with the corrugated web-
shaped PC simply embodying the box girder are firstly manifested in the condition
that the weight of the box girder is reduced to a great extent and the load proportion
of the bridge girder is reduced. The prestress loss is greatly reduced. Secondly, the
effect of prestressing force on the concrete box girder and concrete box girder with
plane steel web is improved significantly by its organ effect, and the efficiency of
prestressed concrete box girder with prestressed concrete box girders is significantly
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improved, which greatly increased the span capacity of the bridge. And it makes
the corrugated rigid web PC combination simply box beam has more extensive
application fields [12].

Fig. 2. Schematic diagram of common connections for corrugated steel plates and
concrete slabs

3.2. Free vibration equation of PC box girder with corru-
gated steel webs

The free vibration equation of the PC box girder with corrugated steel webs
is based on the structural and mechanical properties of the PC box girder with
corrugated steel webs. It is also based on the basic assumptions of the energy law.
First of all, because of the special structure of corrugated steel PC box girder, its
bending resistance in the longitudinal direction of the bridge is almost negligible,
and the cross section of the PC box girder of the corrugated steel web is subject
to the "pseudo-section assumption" [13]. Second, Fig. 3 is a corrugated steel box
PC box girder diagram. The symbols b, ζb and b1 in the figure are, respectively,
1/2 of the width of the box girder of the corrugated steel PC box girder, the width
of the cantilever plate and the width of the flat section of the vane in the box.
Symbols hu, hb are the distances from the center of the upper wing and the lower
wing to the mandrel. When calculating the strain energy of the upper and lower
wings, only the longitudinal strain of the concrete wing plate εx and the shear
strain of the cross-section plane γxy are taken into account, and the vertical strain,
lateral strain and shear strain outside the plate plane are neglected, that is to say,
εy = εz = γxz = γyz = 0. Finally, the corrugated steel web PC box girder and the
concrete vane are connected tightly, without slip condition. When the PC box girder
bridge with corrugated steel webs is subjected to free bending vibration, the vertical
and horizontal dynamic displacement functions can be introduced to describe the
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displacement mode because of the influence of shear lag effect:

W = W (x, t) , (1)

U (x, y, z, t) = hi
[
ϕ (x, t) +

(
1 − y−3

)
ξ (x, t)

]
, (2)

Ȳ =

{
y/b, 0 ≤ y ≤ b ,
(b+ ζb− y) /ζb, b ≤ y ≤ b+ ζb .

(3)

In the formula, ϕ (x, t) and ξ (x, t) are the angular displacement and the max-
imum longitudinal displacement difference function of the box girder section due
to bending deformation when the PC box girder bridge with free corrugated steel
web is vibrated. Then the natural frequency of the PC box girder with corrugated
steel web is obtained by using the eigenvalue equation of the free bending vibration
equation of the PC web girder with corrugated steel webs according to the actual
boundary condition.

Fig. 3. Sectional view of the PC box girder with corrugated steel webs

3.3. Influencing factors of natural frequency of PC compos-
ite simple supported beam with corrugated steel webs

Corrugated steel web PC composite simple box girder is mainly used in the
construction of bridges. In the course of the use of the bridge, the dynamic load and
wind force of the vehicle, the ground motion of the earthquake, and the individual
dynamic loads of the individual population arise because the bridge structure will
vibrate because of the influence of external forces.And this vibration can increase the
internal forces calculated in accordance with the static force and the possibility of
causing local structural fatigue damage. Seriously, it would even destroy the bridge
completely [14]. Therefore, the structural vibration of the bridge is an important
factor affecting the safety of the bridge. The vibration of bridge structure is a cyclical
process in which the deformation energy and kinetic energy of the structural system
are transformed with each other due to the input of external force and the friction
loss. How much structural system by external force input is the sensitivity of the
system and its inherent natural frequency and the frequency of the input effect, that
is, the degree of resonance is closely related. So it is necessary to understand and
determine the natural frequency and dynamic characteristics of PC simply supported
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box girder with corrugated steel webs.
The solution of the bending vibration equation of PC simply supported box girder

with corrugated steel web can be obtained by the governing differential equations
and natural boundary conditions for bending vibration are obtained from equations
(1–3) above. The shear lag effect of simply supported PC box girder with corrugated
steel web can be seen. The shear effect and the coupling effect of PC composite sim-
ple box girder with corrugated steel webs are the three important factors affecting
the natural frequency of simply supported PC box girder with corrugated steel webs.
And in the process of solving the low-order bending vibration frequency solution,
the influence coefficient of the shear lag is much smaller than 1, and the influence
coefficient of the coupling effect is also very small. Therefore, the influence of the
two factors on the natural frequency of PC composite simple box girder with corru-
gated steel web is small, and the effect of shearing effect of corrugated steel web PC
composite simple box girder is not negligible, otherwise it will cause wrong result.
Besides prestressed concrete box girder structure with corrugated steel web, the
external prestressing influences the natural frequency of simply supported PC box
girder with corrugated steel webs, and its dynamic characteristics are more signifi-
cant than that of prestressed concrete box girder [15]. Therefore, the study on the
natural frequency of PC simple box girder with corrugated steel web is carried out
by external prestressing. The prestressed external prestressed concrete box girder
with corrugated steel web is PC - type. Both ends of the prestressing force exert a
pair of prestressing force, the eccentricity is e. According to the natural vibration
equation of corrugated steel web PC combined simple box girder, the bending differ-
ential equation of PC simply supported box girder with corrugated steel web under
external prestressing force can be obtained as:

EI
∂4y

∂x4
+
∂2 (N1y)

∂x2
− ∂2M

∂x2
+m

∂2y

∂t2
= 0 . (4)

In the formula, y is the vibration displacement, EI is the bending rigidity of the
beam, m is the mass per unit length of the beam, M is the bending moment of the
external prestressing force to the beam. Beam bending moment caused by external
prestress M = N1e + N − 2x, among them, N1 and N2 are the components in the
horizontal and vertical directions of the predecessor Np. That is, N1 = Np cos θ and
N2 = Np sin θ. According to the vibration of the beam in the process, the external
prestressing is constantly changing, so we can put

N1 = N0
p + ∆N1 , (5)

N2 = N0
p + ∆N2 , (6)

M = N1e+N2x = (N0
1 + ∆N1)e+ (N0

2 + ∆N2)x . (7)

Substituting equations (5–7) into equation (4), we obtain
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EI
∂4y

∂x4
+

∂2

∂x2
[
(N0

1 + ∆N1)y
]
−

− ∂2

∂x2
[
(N0

1 + ∆N1)e+ (N0
2 + ∆N2)x

]
+m

∂2y

∂t2
= 0 . (8)

Due to vibration displacement y ≤ e, so ∆N1y ≤ ∆N1e. Thus, ∆N1y can be
ignored and also, since N0

p is the effective prestress of external prestressing tendons,
the value is constant. So its second derivative with respect to x is equal to 0, which
provides

EI
∂4y

∂x4
+N0

1

∂2y

∂x2
− e

∂2∆N1

∂x2
− ∂2∆N2

∂x2
x+m

∂2y

∂t2
= 0 . (9)

The influence of external prestressing on the natural frequency of PC composite
simple box girder with corrugated steel web is mainly manifested in three aspects:
prestressed beam tension, anchorage position of steel beam, steel cross-sectional
area. After that, the three aspects of corrugated steel web PC combined simple box
girder are compared.

4. Result analysis and discussion

In this paper, the experimental data of prestressed beam tension, anchorage
position of steel beam and cross section of steel beam are analyzed for three factors
affecting the natural frequency of PC combined simple box girder with corrugated
steel web. Table 1 presents is the impact of prestressed beam tension on the natural
frequency of pc composite simple supported beam with corrugated steel webs. In the
experiment, the anchorage position of the prestressed steel beam is 6h/12 (h being
the beam section height), the cross-sectional area of the prestressed steel beam being
A = 1.4 × 10−4 m2. It can be seen from the data in the table that the prestress of
prestressed PC simply supported box girder with prestressed corrugated steel web is
slightly increased.This is in accordance with the results of theoretical calculation and
finite element experimental results of the natural frequencies of the simply supported
PC box girder with corrugated steel webs under different prestressing tendons. This
also shows that prestressed beam tension on the corrugated steel web PC composite
simple box girder of the natural frequency of the impact is relatively small.

Table 1. Impact of pre-stressed beam tension on the natural frequency of PCcomposite simple
supported beam with corrugated steel webs

Prestressed beam
tension (kN)

Theoretical value
(Hz)

Finite element
value (Hz)

Error (%)

50 31.8471 32.0841 0.73

80 31.8495 32.0843 0.72

110 31.8519 32.0845 0.71

140 31.8542 32.0847 0.71
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Table 2 shows the influence of anchorage location of steel beam on natural fre-
quency of PC composite simply supported box girder with corrugated steel webs. In
the experiment, the prestressing force of prestressed steel beam of prestressed steel
box with corrugated steel PC composite simple box girder is F = 50 kN, the cross
- sectional area being A = 1.4 × 10−4 m2. It can be seen from the experimental
data in the table that the natural frequency of prestressed PC steel box girder with
corrugated steel web is reduced with the increase of anchorage position. And the
theoretical calculated values of the box girder at different prestressed anchor posi-
tions are in accordance with the calculated values of the finite element method. That
is to say, the anchoring position of the steel beam has little effect on the natural
frequency of the PC combined simple box girder with corrugated steel webs.

Table 2. Effect of anchorage location of steel beam on natural frequency of simply supported PC
box girder with corrugated steel webs

Anchorage position
of steel

Theoretical value
(Hz)

Finite element
value (Hz)

Error (%)

3h/12 31.8481 32.0935 0.72

4h/12 31.8445 32.0902 0.71

5h/12 31.8503 32.0871 0.73

6h/12 31.8570 32.0841 0.73

Table 3 presents the influence of cross sectional area of steel bundle on natural
frequency of pc composite simple supported box girder with corrugated steel webs.
In the experiment, the tensile force of the prestressed steel beam is F = 50 kN, the
anchoring position is 6h/12, A = 1.4×10−4 m2. It can be seen from the experimental
data in the table that the natural frequency of prestressed steel PC composite simple
box girder with the corrugated steel web will increase with the increase of the cross-
sectional area of prestressing beam. The theoretical value of the natural frequency
of the box girder with different cross-sectional area of the prestressed steel beam is
in accordance with the calculated value of the finite element experimentally. This
also shows that the steel beam cross-sectional area of the corrugated steel web PC
composite simple-support box girder self-oscillation frequency has a certain impact.

Table 2. Influence of cross-sectional area of steel beam on natural frequency of simply supported
PC box girder with corrugated steel webs

Sectional area of
steel

Theoretical value
(Hz)

Finite element
value (Hz)

Error (%)

A 31.8473 32.0843 0.75

2A 31.9435 32.2060 0.83

3A 32.0363 32.3049 0.84

4A 32.1263 32.3843 0.81
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5. Conclusion

Prestressed wave steel plate PC combined with simply supported box girder is
better than concrete box girder in structure and material weight. It has been widely
used in bridge and other construction. However, due to the structural characteristics
of corrugated steel belly PC combined with simply supported box girder and the
influence of external conditions, the safety of its use is reduced and its service life is
affected. The mechanical properties of simply supported box girder with corrugated
steel belly PC are studied. This paper presents a study on the natural frequency
of simply supported PC box girder with corrugated steel sheet. In this paper, the
development and advantages of corrugated steel sheet abutment PC combined box
girder are expounded, and the influence factors of the natural frequency of bellows
composite box girder with corrugated steel plate are studied. The experimental
results show that the effect of shearing effect on the natural frequency of the PC
box girder with corrugated steel plate is more significant. In the external stress, the
prestressing force and the anchoring position of the steel beam have little effect on
the natural frequency of composite pc box girder with corrugated steel plate. The
influence of the steel beam cross section on the natural frequency of the composite
box girder with corrugated steel sheet is greater, and the natural frequency of the
composite box girder increases with the increase of the sectional area.

References

[1] Y.Noda, K.Ohtoi: A calculation of sectional deformation for PC box girder bridge
with steel web. Doboku Gakkai Ronbunshu 46 (2000), No. 641, 29–37.

[2] S. Shetty, V. Lehtinen, A.Dasgupta, V.Halkola, T.Reinikainen: Fatigue of
chip scale package interconnects due to cyclic bending. Journal of Electronic Packaging
123 (2000), No. 3, 302–308.

[3] G.Kiymaz, E. Coşkun, C.Coşgun, E. Seçkin: Transverse load carrying capac-
ity of sinusoidally corrugated steel web beams with web openings. Steel & Composite
Structures 10 (2010), No. 1, 69–85.

[4] H.K.Kim, M. J. Lee, S. P.Chang: Non-linear shape-finding analysis of a self-
anchored suspension bridge. Engineering Structures 24 (2002), No. 12, 1547–1559.

[5] E. Spacone, F.C. Filippou, F. F.Taucer: Fibre beam-column model for non-linear
analysis of R/C frames: Part I. Formulation. Earthquake engineering and structural
dynamics 25 (1996), No.TOC 7, 711–726.

[6] M.E.A.H. Eldib: Shear buckling strength and design of curved corrugated steel webs
for bridges. Journal of Constructional Steel Research 65 (2009), No. 12, 2129–2139.

[7] S.A. Edalati, Y.Yadollahi, I. Pakar, A. Emadi, M.Bayat: Numerical study on
the performance of corrugated steel shear walls. Wind and Structures 19 (2014), No. 4,
405–420.

[8] J. Brozzetti: Design development of steel-concrete composite bridges in France. Jour-
nal of Sound and Vibration 55 (2000), Nos. 1–3, 229–243.

[9] B.M.Ayyub, Y.G. Sohn, H. Saadatmanesh: Prestressed composite girders. II: An-
alytical study for negative moment. Journal of Structural Engineering (United States)
118 (1992), No. 10, 2763–2783.

[10] J. F. Bariant, T.Utsunomiya, E.,Watanabe: Elasto-plastic analysis of PC girder
with corrugated steel web by an efficient beam theory. Doboku Gakkai Ronbunshuu A
62, (2006), No. 2, 393–404.



NATURAL FREQUENCY OF PC COMPOSITE 257

[11] J. T.Kim, J. H. Park, D. S.Hong, W. S. Park: Hybrid health monitoring of pre-
stressed concrete girder bridges by sequential vibration-impedance approaches. Engi-
neering Structures 32 (2010), No. 1, 115–128.

[12] F.Emami, M.Mofid: On the hysteretic behavior of trapezoidally corrugated steel
shear walls. Structural Design of Tall & Special Buildings 23 (2014), No.TOC 2,
94–104.

[13] K. Shitou, A.Nakazono, N. Suzuki, H.Asai: Experimental research on shear be-
havior of corrugated steel web bridge. Doboku Gakkai Ronbunshuu A 64 (2008), No. 2,
223–234.

[14] F.K. Schaefer, P. J.,Schaefer, J. Brossmann, R. E.Hilgert, M. Heller,
T. Jahnke: Experimental and clinical evaluation of acromioclavicular joint structures
with new scan orientations in MRI. European Radiology 16 (2006), No. 7, 1488–1493.

[15] M.Kano, E.Watanabe: A study on distribution of shearing force in prestressed
concrete box girders with corrugated steel webs. Kou Kouzou Rombunshuu 12 (2005),
No. 48, 1–9.

Received May 22, 2017



258 LI RONGJIAN, LIU XIA


	Li Rongjian, Liu Xia: Natural frequency of PC composite simple supported beam with corrugated steel webs
	Introduction
	State of the art
	Methodology
	Result analysis and discussion
	Conclusion


