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A B S T R A C T

This paper proposes an innovative use of corrugated steel plates as the webs of the crossbeam in the tower of a
suspension bridge to get better seismic performance. Three 1/4-scaled models of composite beam with corru-
gated steel webs considering different shear-span ratio were fabricated to conduct quasi-static test. The struc-
tural behaviors including failure modes, hysteretic curves, ductility, strength and stiffness degradation, energy
dissipation capacity, deformation recovery ability, shear force distribution and strain responses were in-
vestigated. Test results indicate that the specimen with large shear-span ratio presents ductile flexural failure,
and the hysteretic curve is stable and plump with slight pinching, which indicates good energy dissipation
performance. However, the specimen with small shear-span ratio fails due to brittle shear buckling of corrugated
steel web, showing remarkable pinching phenomenon and poor hysteretic behavior. With the increase of shear-
span ratio, the load-carrying capacity and lateral initial stiffness are reduced, but the ductility and energy dis-
sipation ability are improved significantly. The energy dissipation capacity of such composite beam is better than
that of the RC structures, the strength degradation is slight for the specimen with a proper shear-span ratio, and
the deformation recovery ability is good for all test specimens. The corrugated steel web carries about 80% of the
shear force and shear stress uniformly distributed along the web height. The test results demonstrate that the
composite beam with corrugated steel web of a reasonable shear-span ratio can be applied in anti-seismic
structure with superior energy dissipation performance. In addition, simplified formulas were proposed to
evaluate the flexural strength and shear buckling strength of a composite beam with corrugated steel webs, the
calculated results agree well with the test results, verifying the accuracy of these proposed formulas.

1. Introduction

In recent years, the corrugated steel plates have been increasingly
applied in infrastructure construction, such as bridges, shear walls, and
industrial buildings etc. In comparison to a conventional flat steel plate,
the corrugated steel profile without additional longitude or transverse
stiffeners shows higher out-of-plane stiffness and in-plane shear
strength. One of the most common applications for corrugated steel
plates in bridge engineering is an alternative to concrete webs in box-
girder bridges [1]. Compared with conventional concrete webs, the self-
weight of corrugated steel webs is greatly reduced, and because of the
low axial stiffness of the corrugated plates, prestressing can be effi-
ciently introduced into concrete flanges, also the influences of concrete
creep and shrinkage, temperature variation to composite girder can be
alleviated effectively. Thus, the strength, stability of the structure, and

material efficiency can be improved by concrete flanges combined with
corrugated steel webs.

An innovative application of the corrugated steel plates is to replace
the concrete webs of the crossbeam in the tower of a suspension bridge
to get better seismic performance. Because of the large weight and
stiffness of traditional concrete crossbeam in the tower of a suspension
bridge, shear and flexural failure are easy to occur at the connection
area between pylon and crossbeam under seismic loading. In order to
reduce the self-weight and axial stiffness of crossbeam, steel-concrete
composite box beams with corrugated steel webs were adopted as the
crossbeams in the tower of Xingkang Dadu River Bridge in Luding [2],
as shown in Fig. 1. The crossbeam was composed of four corrugated
steel webs, top and bottom concrete slabs. The corrugated steel webs
and top concrete slab were connected by twin Perfo-Bond Strip (PBL)
connectors. The embedded connectors [3] were adopted between
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corrugated steel webs and bottom concrete slabs. The application of
corrugated steel webs can reduce the seismic response of the crossbeam
due to self-weight reduction, and it is also expected to improve the
energy dissipation and deformation capacity due to the “accordion ef-
fect” of corrugated panels.

Considerable researches have been conducted on the static behavior
of steel or composite girder with corrugated steel webs including
bending, shear, torsional and fatigue [4–17], but relatively limit studies
related to seismic behavior. Mo et al. [18] reported an experiment on
framed shear walls made of corrugated steel plates, the influences of the
reinforced concrete frame and the thickness of corrugated steel plate on
their utility were analyzed, also the improved seismic performance of
such structure was verified. Shimizu et al. [19] performed an experi-
mental study on a full-scale load-bearing wall using corrugated steel
sheets; it was found that corrugated shear diaphragms could increase
the seismic performance of steel-framed houses. Emami et al. [20,21]
conducted an experimental research on the cyclic behavior of trape-
zoidally corrugated steel shear walls and unstiffened steel shear walls,
finite element explicit dynamic analyses including both material and
geometric nonlinearities were employed for cyclic loading tests. The
experimental and numerical results revealed that the energy dissipation
capacity, ductility ratio, out of plane stiffness and the elastic shear
strength of the corrugated specimens were all higher than that of the
unstiffened specimen. Bahrebar et al. [22] presented a numerical study
on the structural performance of trapezoidally corrugated steel shear
walls, the effects of web plate thickness, corrugation angle on the cyclic
behavior and energy absorption capabilities were analyzed. Farzam-
pour et al. [23] conducted a detailed finite element analysis of steel
plate and corrugated steel plate shear walls considering numerous
variable parameters and concluded that corrugated panels improve the
ultimate strength and postpone degradation point which leads to better
behavior under cyclic loading. Aydın et al. [24,25] tested beam-to-
column connections with flat plate and corrugated plate under cyclic
loading, the results showed that panel zones with thicker flat plate were
more stable than those with corrugated plates, but the diagonally-stif-
fened connections with corrugated plate exhibited comparable beha-
vior to flat plate panel zones. Shahmohammadi et al. [26] proposed the
application of corrugated plates as the web of steel coupling beams, and
nonlinear finite element (FE) analyses were performed considering the
shape of web plate, web thickness, number of corrugations and corru-
gation angle. The application of a corrugated web makes it possible to
improve rotational capacity compared with conventional steel coupling

beams. Hajsadeghi et al. [27] investigated the energy dissipation
characteristics of steel coupling beams with corrugated webs using
numerical simulations and demonstrated that steel coupling beams with
corrugated webs possess appropriate energy absorption capacity and
are capable of dissipating the input energy in a quite desirable and
efficient manner.

Based on above-mentioned references, corrugated steel plates ex-
hibit better seismic performance, but these researches mainly focus on
steel structures, e.g. steel shear wall, steel coupling beams, and so on,
few studies on the seismic behavior of composite beam as the cross-
beam in bridge tower were reported as far as the authors’ knowledge.
Moreover, the seismic behavior of corrugated steel plate is quite dif-
ferent from the composite beam with corrugated steel webs due to the
restraining effect of concrete slabs which connected the corrugated
steel plate by shear connectors. Therefore, it is necessary to investigate
seismic behavior of composite beam with corrugated steel webs.

This paper aims to determine the seismic behavior of composite
beam with corrugated steel webs through quasi-static tests on three
specimens with different shear-span ratios. The damage process and
failure modes, hysteretic curves, load-carrying capacity and ductility,
strength and stiffness degradation, energy dissipation capacity, de-
formation recovery ability were obtained and analyzed. In addition, the
influences of shear-span ratio on the seismic performance of the test
specimens were compared. All the findings from present investigation
will provide a reference for seismic design and the application of
composite crossbeam with corrugated steel webs.

2. Experimental program

2.1. Test specimens

In order to investigate and distinguish the cyclic behavior of pro-
posed composite crossbeam with corrugated steel webs, totally three 1/
4 scaled specimens with different shear-span ratios (denoted as CSW-1,
CSW-2, and CSW-3) were designed and constructed. All the specimens
with I-shaped cross section include top and bottom concrete slabs, and
corrugated steel web. In addition, an RC basement with enough stiffness
was designed to simulate the rigid connection between the composite
beam and pylon or end diaphragm.

All test specimens have the same cross-section but different height.
Fig. 2 shows the structural dimensions and reinforcements’ arrange-
ment, where h is the effective height from the top of the basement to the
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Fig. 1. The crossbeam with corrugated steel webs of Xingkang Dadu River Bridge.
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lateral loading point. The effective heights were 2000mm, 3000mm,
and 4000mm for specimens CSW-1, CSW-2, and CSW-3 respectively.
The depth of the composite beam was 1810mm, in which the thickness
and width of concrete slabs were 300mm and 560mm, respectively,
while the depth of the corrugated steel beam was 1210mm. So, the
shear-span ratio (height/depth) of specimens CSW-1, CSW-2, and CSW-
3 were 1.11, 1.67 and 2.22, respectively. The corrugated steel beam
was inserted into a RC basement (length×width×depth:
3000mm×1240mm×950mm), three rows of PBL connectors were
used to combine the steel beam and basement. As for the arrangement
of longitudinal reinforcements in concrete slabs, three rows and seven
columns of 22mm-diameter reinforcements were installed with a spa-
cing of 95mm in depth direction and 75mm in width direction re-
spectively. In addition, stirrups with a diameter of 14mm and a spacing
of 80mm were applied in the longitudinal direction. Two vertical
stiffeners with a thickness of 25mm were welded on both sides of the
steel web at the loading position to avoid local buckling; the distance
between these two stiffeners was 180mm. The photos of test specimens
after fabrication are presented in Fig. 3.

Fig. 4 shows the details of corrugated steel profile, shear connectors
between the corrugated steel beam and concrete slabs. The unit wa-
velength of the corrugated web was 400mm, in which the width of both
horizontal and inclined panel was 110mm, and the projected width of
the inclined panel was 90mm, the corrugation depth was 55mm, and
the thickness of corrugated web was 6mm. Two perforated steel plates
with a transverse spacing of 75mm were welded at the top and bottom
steel flanges as PBL shear connectors to connect concrete slabs, the
spacing between adjacent perforating holes in the longitudinal direc-
tion was 80mm. The width and thickness of the steel flange were
125mm and 5mm respectively, and the diameter of perforated holes
and penetrating rebar were 25mm and 14mm, respectively.

2.2. Material properties

The concrete used in these specimens had a nominal cubic com-
pressive strength of 50MPa. Three concrete cubes with a dimension of
150×150×150mm and three prisms with a size of
150×150×300mm were prepared at the same time as these test
specimens constructed, and they were cured for 28 days to test material
properties according to GB-50010 [28]. The measured cube compres-
sive strength fcu, prismatic compressive strength fc,pri, and Young’s
modulus Ec are given in Table 1. The steel beams were made of steel
Q345qD with a nominal yielding stress of 345MPa, and reinforcements
in concrete slabs adopted steel HRB335 with a nominal yielding stress
of 335MPa. The measured tensile yielding stress (fy), ultimate stress
(fu), and Young's modulus (Es) of steel plate and steel reinforcement are

presented in Table 2.

2.3. Test setup and loading program

Quasi-static tests of composite beams with corrugated steel web
were carried out in Structure Laboratory of Sichuan Highway Design
and Research Institute (SCHDRI), the test setup is illustrated in Fig. 5.
The free end of the test specimen was clamped to a horizontal hydraulic
actuator with a maximum loading capacity of 5000 kN. The hydraulic
actuator was connected to the reaction wall, which was responsible for
applying the cyclic lateral loads to test specimens. The basement was
anchored to the strong floor of the laboratory by high strength bolts. In
addition, two steel beams at the top of the basement and two steel
blocks at both sides of the basement were installed to prevent up-lift
and lateral movement of the basement.

Prior to the formal test, a preloading with 40 kN was conducted to
check the good contact between the support and loading equipment,
and to ensure the reliability of all the test equipment and the work-
ability of all the measurement instruments. After preloading, the lateral
loading was applied to the test specimen by hybrid force-control and
displacement-control method, as shown in Fig. 6.

The loading process was divided into three stages. Firstly, before

Fig. 4. Details of corrugated steel profile and shear connectors (unit: mm).

Table 1
Mechanical properties of concrete.

Specimen Cube compressive
strength fcu (MPa)

Prismatic compressive
strength fc,pri (MPa)

Young’s modulus
Ec (104MPa)

No. 1 60.4 49.7 3.37
2 61.8 60.9 3.35
3 57.6 57.7 3.37

Average 59.9 56.1 3.36

Table 2
Mechanical properties of steel plates and reinforcements.

Components Thickness or
diameter /mm

Yielding
stress fy/
MPa

Ultimate
stress fu/
MPa

Young's
modulus Es/
GPa

Corrugated steel
plates

6 420.0 538.0 193.9

Stiffeners 25 393.0 523.0 203.1
Perforated plate 5 415.0 533.0 204.8
Steel flange 5 415.0 533.0 204.8
Steel stirrups ϕ14 505.0 650.0 202.8
Longitudinal

rebar
ϕ22 475.0 615.0 202.4
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estimated concrete through crack load Fcr according to numerical
analysis, increasing the load of 0.2 Fcr until to 80% of Fcr, after that the
loading level changed to 0.1 Fcr until to Fcr, in this stage, the lateral load
was controlled by force and one cycle was adopted at each loading
level. Secondly, before yielding of longitudinal steel reinforcement,
loading was controlled by displacement and repeated twice at each
loading level. In this stage, the displacement was increased by 0.2 times
of estimate yielding displacement Δy until to 80% of Δy, afterward, the
displacement increment changed to 0.1 Δy until to yielding of long-
itudinal steel reinforcement. Thirdly, after steel reinforcement yielding,
loading was still controlled by displacement, and displacement loading
was increased by 0.5 times of yielding displacement Δy until the lateral
load dropped to about 85% of the peak load, each loading level re-
peated three times.

2.4. Instruments

The Instrumentation of test specimen consists of load cells, linear
variable displacement transducers (LVDTs) and strain gauges. The lat-
eral load applied to the test specimen was measured by load cells. The
arrangement of LVDTs for specimen CSW-3 is shown in Fig. 7(a). The
LVDTs W1, W2, and W3 were installed at the loading position to
measure lateral displacement. The potential lateral slippage and

vertical uplift of the basement were measured by W4, W5, and W6. The
LVDTs W7 and W8 measured the out of plane deformation of corru-
gated steel web during the loading process. The relative slip between
the concrete slab and corrugated steel web at the free and fixed end of
the specimen was also monitored by H1–H4 at the concrete-steel in-
terface. At critical sections, strain gauges were mounted to measure the
strain of corrugated steel web, steel flange, longitudinal reinforcements
and stirrups during cyclic loading. The arrangement of these strain
gauges for specimen CSW-3 is depicted in Fig. 7(b). The arrangements
of LVDTs and strain gauges of other specimens are similar to specimen
CSW-3.

Besides the measurements of displacements and strains for test
specimens during the loading process, cracking initiation and propa-
gation on concrete surfaces were observed. All the information obtained
from the transducers, gauges, and load cells were automatically re-
corded by a data acquisition system at regular intervals during the test.

3. Experimental phenomenon of specimens’ behavior during
loading

3.1. Specimen CSW-1

An initial flexural crack appeared on the surface of the concrete slab
at the northern fixed end under loading of 150 kN. Then, new cracks
were continuously generated, and the initial crack extended to both the
east and west sides with increased loading cycles. When the applied
load was increased to 400 kN, the initial crack propagated through the
entire concrete slab, subsequently, the force-controlled loading was
converted to displacement-controlled one.

With the increase of displacement amplitude in the subsequent cy-
cles, lateral cracks developed fast from the fixed end to the free end of
the test specimen, and most of these cracks were flexural cracks pro-
pagated in the lateral direction, as shown in Fig. 8(b). The yielding of
longitudinal reinforcement in concrete slab occurred under displace-
ment loading of 30mm. In the subsequent lateral displacement of
45mm, the specimen reached ultimate loading capacity. By the fol-
lowing reverse loading, the overall buckling of steel web appeared at
the center of test specimen accompanied with several loud bangs and a
significant tension field formed at approximately 45° to the lateral di-
rection when the displacement reached to 30.8mm, as shown in
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Fig. 11(a). At the same time, taking the buckling location as the starting
height, a longitudinal crack extended upward in tension slab (north
side) while another extended downward in compression slab (south
side). By the following reverse loading, another tension field formed in
the opposite direction, and longitudinal cracks at both concrete slabs
also extended to the opposite direction, as illustrated in Fig. 11. Finally,
the residual out-of-plane deformation of the corrugated steel web pre-
sented “X” shape, and longitudinal cracks appeared on both sides of
concrete slabs. Then, load carrying capacity and displacement ampli-
tude were decreased; therefore, the loading was terminated. Finally, the
crack pattern and failure mode of specimen CSW-1 are shown in Fig. 8.

3.2. Specimen CSW-2

An initial lateral crack appeared on the surface of the concrete slab
at the northern fixed end during loading level of 120 kN. Then, new
cracks continuously occurred, and the initial crack extended to both
east and west sides with the increment of loading level. When the ap-
plied load was increased to 400 kN, the initial crack propagated
through the entire concrete slab, afterward, displacement-controlled
loading was applied instead of force-controlled loading.

By continuing displacement loading, the crack development of
specimen CSW-2 was similar to that of CSW-1. When the applied dis-
placement increased to 42mm, longitudinal reinforcement in tensile

Fig. 7. Instrumentation of the specimen CSW-3.

(a) Buckling and longitudinal cracks (b) Lateral cracks 
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Fig. 8. Failure mode of CSW-1.
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Fig. 9. Failure mode of CSW-2.
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concrete slab yielded. With increasing displacement to 47mm, un-
expected fracture of welding between corrugated steel panels occurred,
resulting in abruptly falling of load-carrying capacity of the specimen.
Then, longitudinal cracks appeared and propagated in both concrete
slabs, which were similar to specimen CSW-1. In the subsequent loading
cycle, the fracture length of the welding was continuously extended,
and longitudinal cracks almost propagated through whole height of the
test specimen, finally the specimen loss its load-carrying capacity. The
final failure mode of test specimen CSW-2 is shown in Fig. 9.

3.3. Specimen CSW-3

An initial lateral crack appeared on the surface of the concrete
flange at the northern fixed end under loading of 80 kN. Then, new

cracks were continuously observed, and the initial crack extended to
both east and west sides during loading cycles. When the applied load
was increased to 160 kN, the initial crack propagated through the entire
concrete slab, and then the force-controlled loading was changed to
displacement-controlled loading.

With the increase of displacement amplitude, the crack develop-
ment of test specimen CSW-3 was similar to that of CSW-1. Under ap-
plied displacement of 43mm, longitudinal reinforcement in tensile
concrete slab yielded. Afterward, the loading capacity continued to
increase with applied lateral displacement. When the lateral displace-
ment increased to 102mm, the specimen reached ultimate loading ca-
pacity, and obvious out-of-plane deformation occurred on corrugated
steel web around the fixed end section. During the subsequent loading
cycles, the perforated steel plates, steel flange and corrugated steel web

(b) Torn of steel plates

(a) Buckling of steel web and crushing 
of concrete

(c) Buckling and fracture of 
reinforcements

(d) Lateral cracks

Crushing of 
concrete

Local 
buckling
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Lateral 
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Buckling of 
reinforcements

Fracture 
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Fig. 10. Failure mode of CSW-3.
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near tensile concrete slab were torn around the fixed end of the test
specimen, as shown in Fig. 10(b). In addition, crushing and spalling of
concrete cover were detected. When the lateral displacement increased
to 142mm, concrete cover spalled off completely near the basement,
leading to the expose of the hoops and longitudinal reinforcements.
Under the subsequent loading cycle, the fracture of the hoops was ob-
served, and core concrete between the hoops was crushed, accom-
panied by the bulking of the longitudinal reinforcements and steel web,
as shown in Fig. 10(c). The failure mode of test specimen CSW-3 is
illustrated in Fig. 10.

3.4. Comparison of the failure process

From the loading process and failure modes of test specimens with
different shear-span ratios, it can be found that the failure was con-
trolled by shear buckling of the corrugated steel web, fracture of the
welding, flexural failure of the concrete slabs. The initial crack loading
decreases with the increasing of shear-span ratio.

As for test specimen CSW-1, global buckling of the corrugated steel
web caused the loss of its shearing capacity, which shows obvious
brittle failure characteristic. The failure mechanism of test specimen
CSW-2 was similar to that of CSW-1, unexpected welding fracture of the
corrugated steel web resulting in the loss of shearing capacity, which
also led to a sudden failure of this specimen. For the crossbeams of a
suspension bridge tower or bridge girders with corrugated steel webs,
the steel webs between adjacent segments are usually connected by
welding on the construction site. Under complicated environmental
conditions in the field, the quality of the weld is not easy to guarantee,
which may become a weak point when subjected to seismic loading.
Therefore, special attention should be paid to the welding quality or
adding bolt connections between adjacent corrugated web segments to
avoid brittle welding failure. Test specimen CSW-3 exhibited a typical
bending failure, accompanied by concrete crushing, steel flange frac-
ture, and buckling of longitudinal reinforcements and corrugated steel
web, which experienced a ductile failure.

Another obvious damage characteristic for test specimens CSW-1
and CSW-2 is longitudinal cracks occurred on both concrete slabs, as
depicted in Fig. 11. These cracks initiated at the same time as shear
buckling or welding fracture of corrugated steel web, the steel web loss
its shearing capacity, and relative slip between PBL connectors and
concrete slabs increased rapidly. With subsequently applied load, re-
lative slip increased obviously above the buckled section in the tensile
slab, and longitudinal cracks propagated upward in the tensile slab,
while longitudinal cracks developed downward in the compression
slab.

4. Experimental results and discussion

4.1. Hysteretic curves

The hysteretic curves of test specimens are described in Fig. 12. It is
observed that hysteretic curves can be divided into three stages: elastic,
elastic-plastic and failure. The lateral loading and displacement are
basically in linear relation at the elastic stage, loading and unloading
curves are almost coincident, which indicates that the residual de-
formation after unloading can be negligible and the energy dissipation
capacity is low at this stage. In the elastic-plastic stage, hysteretic
curves show obvious nonlinearity, the slope of hysteretic curves de-
crease gradually with the increase of displacement amplitude. The
displacement cannot return back to original position after unloading,
showing an obvious residual deformation. Besides, the energy dissipa-
tion capacity was enhanced gradually at the elastic-plastic stage. At the
failure stage, the stiffness decreased significantly due to cumulative
damage of the test specimens, but the structures can still dissipate en-
ergy due to large displacements.

For test specimen CSW-1 with the smallest shear-span ratio, the

hysteretic curve was less plentiful, presenting reverse “Z” shape, load-
carrying capacity and stiffness decreased rapidly after shear buckling of
corrugated steel web, and the deformation ability and energy dissipa-
tion ability were relatively poor. As for test specimen CSW-3 with the
largest shear-span ratio, the hysteretic curve was stable and plentiful,
showing spindle shape, and the plastic deformation and energy dis-
sipation ability are excellent. Test specimen CSW-2 just experienced the
elastic stage because of the sudden welding fracture of the corrugated
steel web.

The hysteretic curves of these three specimens exhibit different
degrees of the pinching phenomenon. On one hand, relative slip be-
tween PBL connectors and concrete slabs, as well as at the interface
between concrete and reinforcements, occurred with applied lateral
load, however, the relative slip cannot be completely recovered after
unloading. On the other hand, concrete cracks continued to open and
close during the cyclic loading process, resulting in stiffness degrada-
tion. The pinching phenomenon of test specimen CSW-1 is more severe
than that of test specimens CSW-2 and CSW-3, which indicates that the
smaller of shear-span ratio, the more relative slip between steel and
concrete. In addition, relatively stable hysteretic curves with slight
pinching are indicative of good hysteretic performance for test spe-
cimen CSW-3.

4.2. Load-carrying capacity and ductility

Fig. 13 shows the envelope curves of load-displacement response for
test specimens, which were obtained by connecting the peak points
under the first cycle of each loading level. These envelope curves il-
lustrate that these specimens experienced elastic, elastic-plastic and
failure stage. In the elastic stage, the relation between lateral load and
displacement is almost linear, but the slope of these curves is different
from each other, the initial stiffness increases with the decrease of
shear-span ratio. In the elastic-plastic stage, the slope of envelope curve
decreases nonlinearly. For test specimen CSW-3, it experienced a long
elastic-plastic stage, the lateral load changes slightly with the increase
of the displacement after ultimate loading, which shows good de-
formation capacity. However, the lateral load decreases abruptly after
ultimate loading for test specimen CSW-1, and the ultimate displace-
ment is much less than that for test specimen CSW-3. In the failure
stage, the envelope curves show a decreasing trend, and both load-
carrying capacity and rigidity decrease due to accumulated damage. For
specimen CSW-1, there is a rapid descending stage without an obvious
plastic period due to global buckling of the corrugated steel web, which
experienced a brittle damage, thus, more attention should be paid to
prevent global buckling of the corrugated steel web.

The ductility coefficient μ is used to evaluate the deformation ca-
pacity of test specimens, which is defined as the ratio of ultimate dis-
placement to yield displacement as given in Eq. (1).

=µ /u y (1)

where, Δy is yield displacement corresponding to yield load Fy,
which is determined by the general yield moment method [29], as
shown in Fig. 14; Δu is ultimate displacement corresponding to ultimate
load Fu, which is defined as lateral loading decreases to 85% of the peak
load Fm. Table 3 summarizes the loads and corresponding displace-
ments at critical states as well as the ductility coefficients of test spe-
cimens. For test specimen CSW-2, only yield load is available, while the
measured peak load and ultimate load are not provided in the table due
to unexpected welding fracture of the corrugated steel web, and the
lateral load corresponding to the yielding of the longitudinal re-
inforcement was taken as the yield load.

In comparison to test specimen CSW-3, the peak load of test spe-
cimen CSW-1 in positive and negative direction increase 60% and
59.5%, respectively, the load-carrying capacity decreases as the in-
crease of shear-span ratio. Compared to specimen CSW-1, the yield
displacement, ultimate displacement and ductility coefficient of test
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specimen CSW-3 are improved by an average value of 66.2%, 197% and
80.6% in positive and negative loading direction respectively.
Therefore, the deformation capacity and ductility are enhanced sig-
nificantly with the increase of shear-span ratio. The average ductility
coefficient of test specimen CSW-1 is about 1.72, showing that the

Fig. 12. Lateral load-displacement curves.
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Fig. 13. Load-displacement envelope curves.

Fig. 14. General yield moment method.
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plastic deformation capacity is poor. The average ductility coefficient of
test specimen CSW-3 is about 3.08, indicating that the composite beam
with corrugated steel webs of reasonable shear-span ratio exhibits good
ductility.

4.3. Strength degradation

Strength degradation shows structural load-carrying capacity re-
duction with the increase of repeated loading cycles in the same dis-
placement level. The strength degradation coefficient λ i [30] is defined
as the ratio of the peak load for i-th cycle to that for the first cycle at the
same displacement level, as illustrated in Eq. (2).

= F F/i j
i

j
1 (2)

where, i is the number of loading cycle; Fij is the peak load at the i-th
loading cycle under displacement level j; F1j is the peak load at the first
loading cycle under displacement level j.

Fig. 15 illustrates the variation of strength degradation coefficient
( λ2) with dimensionless displacement (Δ/Δy). In general, the strength
degradation coefficients of these test specimens decrease with the in-
crease of the displacement amplitude, the strength degradation coeffi-
cients are between 0.9 and 1.0 for test specimens CSW-2 and CSW-3
during the whole loading process, indicating that cyclic loading leads to
strength deterioration in a slight degree. But, the strength degraded
rapidly for test specimen CSW-1 after the peak load due to global
buckling of the corrugated steel web, resulting in a brittle failure.

4.4. Stiffness degradation

Stiffness degradation reflects cumulative damage degree of the
structure during repeated loading, and lateral stiffness Kj [30] of the
test specimen under the same displacement level is defined as Eq. (3).

=
= =

K F /j
i

n

j
i

i

n

j
i

1 1 (3)

where, Fji is the peak load of the i-th loading cycle under the j-th dis-
placement level; Δji is the corresponding displacement at the peak load
Fji; n is the number of loading cycles at the same displacement level.

The stiffness variation with dimensionless displacement (Δ/Δy) is
depicted in Fig. 16. The stiffness degraded almost symmetrically in
positive and negative direction during the cyclic loading process. The
stiffness deteriorated significantly after concrete cracking initiation till
through crack occurrence (Δ/Δy < 0.25), mainly due to the continuous
propagation of concrete cracks and the increase of slippage at steel-
concrete interface. From the stage of through crack occurrence to the
yield of longitudinal reinforcements (0.25 < Δ/Δy < 1), the stiffness
almost keep stable, since concrete cracks and slip at the steel-concrete
interface were fully developed. After that, the stiffness decreases line-
arly and slightly till the specimen failure.

It can be found that the initial stiffness of test specimens decreases
by increasing of shear-span ratio. When the lateral load was applied to
through crack appeared, the stiffness of test specimen CSW-1 dropped
to 23% of the initial stiffness, while the test specimens CSW-2 and CSW-
3 degraded to 31% and 50%, respectively. From the stage of through
crack occurrence to the yield of longitudinal reinforcements, the stiff-
ness of test specimens CSW-1, CSW-2 and CSW-3 kept at about 80 kN/
mm, 43 kN/mm and 27 kN/mm, respectively. After that, the stiffness of
test specimen CSW-1 decreased rapidly, but the stiffness of test spe-
cimen CSW-2 reduced relative slowly. From the comparison of stiffness
degradation curves, it can be concluded that the smaller the shear-span
ratio, the greater the overall stiffness, also the higher rate of stiffness
degradation.

Table 3
Load and displacement at different characteristic points.

Specimen Loading direction Yield point Peak point Ultimate point Ductility coefficient/μ

Fy (kN) Δy (mm) Fm (kN) Δm (mm) Fu (kN) Δu (mm)

CSW-1 Positive 2109.3 28.5 2255.6 42.4 1499.6 45.7 1.60
Negative 2086.9 24.9 2193.8 28.7 1611.9 45.8 1.84

CSW-2 Positive 1645.0 42.0 – – – – –
Negative 1638.5 42.0 – – – – –

CSW-3 Positive 1204.9 44.3 1410.2 102.6 1239.1 143.8 3.24
Negative 1122.2 44.0 1375.6 102.8 1155.4 128.7 2.92

Fig. 15. Strength degradation curves.

Fig. 16. Stiffness degradation curves.
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4.5. Energy dissipation capacity

As shown in Fig. 17, the energy dissipation capacity can be de-
termined as the area surrounded by the hysteresis loops. At the same
time, the energy dissipation capacity can also be evaluated by the
equivalent viscous damping coefficient he [31], which is identified by
Eq. (4).

=
+

h S
S S

1
2 ( )e

D

OBE ODF (4)

where, SD is the energy dissipated by a hysteresis loop, defined as the
area surrounded by the hysteretic curve, SOBE and SODF are the energy
dissipated by a linear elastic structure equivalent to the specimen,
calculated by the areas of right-angled triangular OBE and ODF.

Fig. 18 shows the energy dissipated at the first loading cycle of each
displacement level. In the elastic stage (Δ/Δy < 1), the dissipated en-
ergy of each specimen increases slowly, and the cumulated energy is
below 30 kN·m. With the increase of applied displacement, concrete
cracks appeared continuously and propagated through the section of
concrete slab; plastic hinge was gradually formed and followed by the
yielding of the test specimen. Accordingly, the dissipated energy in-
creases rapidly, almost linearly with the dimensionless displacement Δ/
Δy. At ultimate loading level, the energy dissipated by test specimen
CSW-1 is 123·kNm, and 308 kN·m by test specimen CSW-3, about 2.5
times of that by test specimen CSW-1, indicating that the energy dis-
sipation capacity of the test specimen can be improved with the

increasing of shear-span ratio.
Fig. 19 illustrates the variation of equivalent viscous damping

coefficients with the dimensionless displacement (Δ/Δy). The equiva-
lent viscous damping coefficients decrease first and then increase with
the increase of displacement amplitude, and the inflection point is near
the yield point of test specimens. At initial loading stage, the bonding
and friction between steel and concrete by shear connectors have not
been destroyed. The connectors played a similar role as the damper, so
the equivalent viscous damping coefficient is relatively large. With the
increase of loading cycles, the bonding and friction gradually degraded
resulting in the increase of relative slip between concrete and steel,
therefore equivalent viscous damping coefficient decreased rapidly.
When test specimen yield, the plastic deformation occurred, energy
dissipation capacity was enhanced, and the equivalent viscous damping
coefficient increased accordingly.

The equivalent viscous damping coefficients of test specimens CSW-
1, CSW-2, and CSW-3 at yielding stage are 0.095, 0.078 and 0.053 re-
spectively, while the damping ratio of steel and concrete composite
structure is suggested to be 0.04 in Chinese Seismic Design Code of
Building Structure (GB50011-2010) [32]. The equivalent viscous
damping coefficients of specimens CSW-1 and CSW-3 at failure stage
are 0.237 and 0.302, respectively. In general, the equivalent viscous
damping coefficient at the failure stage is just between 0.1 and 0.2 for
reinforced concrete (RC) structures [33]. From the aspect of equivalent
viscous damping, it can be concluded that composite beams with cor-
rugated steel webs have higher energy dissipation capacity than tradi-
tional RC structures do.

4.6. Deformation recovery ability

The deformation recovery ability is represented by residual de-
formation rate γ, which is defined as the ratio of residual displacement
after unloading to the displacement corresponding to the peak load at
each loading cycle, as given in Eq. (5):

= +
+

+

+
| | | |

| | | |
r r

m m (5)

where, Δ+r and Δ−r are the residual displacements in positive and
negative direction after unloading at the same loading cycle; Δ+m and
Δ−m are the displacement corresponding to the peak load in the posi-
tive and negative direction at the same loading cycle. The variation of
residual deformation rate with the applied dimensionless displacement
(Δ/Δy) is depicted in Fig. 20.

With the increase of displacement amplitude, the residual de-
formation rate decreases first and then increases. Before the occurrence
of through crack, the cohesion at the steel-concrete interface was
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Fig. 17. Determination of equivalent viscous damping coefficient.
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Fig. 18. Energy dissipation curves.

Fig. 19. Equivalent viscous damping coefficient curves.

S. Wang et al. Engineering Structures 180 (2019) 669–684

679



continuously destroyed and relative slips were observed, moreover, the
slip cannot be fully recovered after unloading, although residual de-
formation is small, the applied lateral displacement is also small, re-
sulting in relatively large residual deformation rate. From the stage of
through crack occurrence to the yield of longitudinal reinforcements,
relative slip almost keeps stable; therefore the residual deformation rate
is relatively reduced. However, from the stage of specimen yield to
failure, plastic deformation continues to develop, and the residual de-
formation rate increases accordingly.

The residual deformation rate of test specimen CSW-1 is larger than
that of specimens CSW-2 and CSW-3 during the loading process, which
is mainly due to large relative slip between steel and concrete for
specimen CSW-1 with smallest shear-span ratio. The residual de-
formation rates of specimens CSW-1 and CSW-3 at peak load are 0.32
and 0.50 respectively, while at ultimate load are about 0.6. The rela-
tively small residual deformation rate shows test specimens having
deformation recovery ability after the earthquake.

4.7. Shear force distribution

In the design of a composite beam with corrugated steel webs, the
shear force is assumed to be carried entirely by the corrugated steel
webs, and uniformly distributed along the web height [34]. However,
Kadotani et al. [35] concluded that just 65% of the shear force was
resisted by the corrugated steel webs. Because of the complicated
boundary condition near the connection area, the contribution of cor-
rugated steel web to shear may be different. Strain gauges were
mounted to measure the shear distribution at concrete slabs and cor-
rugated steel web, during the loading process, the test results are shown
in Fig. 21.

The concrete slabs and the corrugated steel web each share a certain
proportion of shear force. The concrete slabs carry a large portion of
shear force near the fixed end due to the restraint against shear de-
formation of corrugated steel web; the proportion of the shear force
resisted by the steel web is just about 30% in the elastic stage. The
farther away from the fixed end, the more of the shear force carried by
the steel web. With the increase of the applied lateral load, the con-
tribution of corrugated steel web to shear increased with the propaga-
tion of cracking in concrete slabs; this behavior is obviously for Section
1-1 and 2-2 where near the fixed end of the composite beam. At the
elastic-plastic stage, about 75–80% of the shear force was resisted by
the corrugated steel web and the proportion remains nearly constant. At
the ultimate state, the shear force carried by the steel web continued to
increase because of severe cracking or crushing of the concrete slabs.
However, the proportion decreased slightly after the buckling or

yielding of steel web in some sections.

4.8. Strain responses

During the loading process, strains on the longitudinal reinforce-
ments and corrugated steel web were measured. Fig. 22 shows the
variation of strains measured on the outermost longitudinal reinforce-
ment with an applied lateral load for test specimen CSW-1 and CSW-3.
The strain increases approximately linearly at the elastic stage, and the
strain of longitudinal reinforcements in the tensile concrete slab is
larger than that in the compression slab. The yield of longitudinal re-
inforcement occurs almost simultaneously as the specimen began to
yield, which indicates that the yield of the test specimen is dominated
by the yield of reinforced concrete slabs. In addition, test specimen
CSW-3 failed in a flexure-dominating mode with a large strain of
longitudinal reinforcement after yielding.

Fig. 23 shows the variation of shear strain responses of the corru-
gated steel web with an applied lateral load for test specimen CSW-1
and CSW-3. The shear strain increases approximately linearly during
the loading process until the yielding of the steel web. The shear strains
increase with the increase of the distance from the fixed end, indicating
that the concrete slabs near the beam base carry more shear force. The
shear strains keep approximately constant along the height of the web
section, which indicates that the shear force distributes uniformly over
the web and the stress in the corrugated web are almost pure shear
stress. During the loading process, the steel web of test specimen CSW-3
was always in an elastic state, however, the steel web of test specimen
CSW-1 yielded at the loading of 2000 kN, before shear buckling of the
corrugated steel web, indicating that the specimen represented inelastic
shear buckling failure mode.

5. Evaluation of the loading capacity

5.1. Flexural capacity

As discussed in previous sections, the specimen CSW-3 displayed a
flexural failure mode, so the load-carrying capacity could be estimated
by the flexural strength of the fixed end section of the composite beam.
The following assumptions were made to evaluate the flexural capacity
of the composite beam with corrugated steel web:

(1) The relative slip between PBL connectors and concrete slabs are not
considered, and the plane section remained plane after deformation
[36].

(2) The axial stiffness of the corrugated steel web was neglected due to
the accordion effect. Hence, the bending moment is assumed to be
resisted by the reinforcements, top and lower concrete flanges
[37,38].

(3) The tensile strength of cracked concrete is ignored. The extreme
compressive fiber of concrete all reach the axial compressive
strength fc, the corresponding strain is taken to be 0.003 [39].

(4) The stress-strain relationship of longitudinal reinforcements was
idealized as an elastic-perfectly plastic model, the yield stress was
used and the strain hardening effect was not considered for the
reinforcements in tension. The strain of the reinforcements in
compression was assumed to be the same as that of the concrete.

(5) An equivalent rectangular compressive stress block with an average
stress of 0.85fc′ and depth of βx is used to replace the more exact
concrete stress distribution [39].

(6) The contribution of the reinforcements within the extent of 0.5x
from the neutral axis was neglected [40], since the stress of these
reinforcements was not fully developed.

Fig. 24 shows the method for simplified evaluation of the flexural
strength based on the above assumptions.

According to the force and moment equilibrium with respect to the
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Fig. 20. Residual deformation rate curves.
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neutral axis of the section, the following equations were established:

=N A f A fc s s s s (6)

= + +M A f h a A f h a N h x(0.5 ) (0.5 ) 0.5 ( )m s s s s s s c (7)

=N f b x0.85c fc (8)

where, Nc denotes the reaction force of the concrete in compression;Mm

represents the flexural strength of the beam section; As and As′ are the
cross-sectional areas of the reinforcements in tension and in compres-
sion, respectively; fs and fs′ denote the tensile stress and compressive
stress of the reinforcements, respectively; fc′ represents the cylinder
compressive strength of the concrete, which can be calculated by
fc′ = 0.79fcu, fcu denotes the cubic compressive strength; h and bf are the
depth of the composite beam and the width of the concrete slab, re-
spectively; as and as′ are the distances of the reinforcements centroid in
tension and in compression to the nearest extreme concrete fiber, re-
spectively; x denotes the distance from extreme compressive fiber to the
neutral axis; the factor β defines the effective height of the compression
zone, which should be taken as 0.85 for concrete with fc′ ≤ 28MPa and
0.05 less for each 7MPa of fc′ in excess of 28MPa, but β should not be
taken less than 0.65 [39].

The evaluated flexural strength of test specimen CSW-3 is

5956 kNm while the tested positive and negative load-carrying capa-
city is 5641 kNm and 5542 kNm, respectively. The calculated result is
in good agreement with the test results, with a discrepancy of 0.06 and
0.08 in positive and negative direction, respectively. The simplified
formulation slightly overestimated the load-carrying capacity, mainly
because it was based on the structure that subjected to monotonic
loading, the damage accumulated during the cyclic loading process was
not concerned. As mentioned in Section 4.3, the cyclic loading will
cause strength degradation, the tested loading capacity should be
smaller than the calculated one. Therefore, the calculated result can
only be used as the upper limit of flexural capacity and the reduction
factors should be considered during the seismic design, but the exact
values of these reduction factors still need to be further investigated.

5.2. Shear buckling capacity

As discussed in the previous sections, test specimen CSW-1 pre-
sented an inelastic shear buckling failure mode, the load-carrying ca-
pacity was controlled by the shear strength of the corrugated steel web.
Shear buckling of the corrugated steel web often consists of global
buckling or local buckling. Global buckling involves multiple folds and
the buckled shape extends diagonally over the height of the web, while

Fig. 21. Shear ratio of corrugated steel web.

Fig. 22. Strains of longitudinal reinforcements.
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local buckling represents a single flat panel. The local buckling de-
formations can also propagate into adjacent folds simultaneously.

The local elastic shear buckling stress of a corrugated steel web was
derived from classic plate buckling theory [41]. A single plate was as-
sumed to be supported by the adjacent folds and steel flanges. The
corresponding local elastic shear buckling stress, τecr,L is:

= k E t
w12(1 )cr L

e
L

w
,

2

2

2

(9)

where, E and υ are Young's modulus and Poisson's ratio respectively; w
is the maximum panel width; tw is the web thickness; kL is the local
shear buckling coefficient, assuming simply supported edges, kL is given
by kL=5.34+ 4(w/hw)2, in which hw is the depth of the corrugated
steel web.

An expression for the global elastic shear buckling stress of a cor-
rugated steel plate, τecr,G was developed by Easley et al. [5] using the
orthotropic plate theory:

= k
D D

t hcr G
e

G
y

w w
,

1/4
x
3/4

2 (10)

where, kG is the global shear buckling coefficient that depends on the
boundary conditions. Easley et al. [5] proposed that kG varies between
36 (assuming the web is simply supported by the flanges) and 68.4
(assuming that the flanges provide the web with fixed supports); Dx and
Dy are the bending stiffnesses which are determined as follows:

= +D Et d t[( / ) 1]
6x

w w
3 2

(11)

Fig. 23. Strain responses of corrugated steel web.

Fig. 24. Flexural strength evaluation of beam section.
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2 (12)

where, d is the corrugation depth; and η is the length reduction factor,
which is defined as η=(a+ b)/(a+ c), in which a is the width of the
horizontal plate, b and c are the projected and horizontal width of the
inclined plate.

When the elastic shear buckling stress τcr exceeds 80% of the shear
yield stress τy, the following inelastic equation provided by Elgaaly
et al. [6] can be used to calculate the inelastic buckling stress:

= 0.8cr
in

y cr
e

y (13)

where, τy is determined using the von Mises yield criterion,
= f / 3y y .
Yi et al. [7] concluded that the buckling strength of the corrugated

steel web is controlled by interactive buckling which is attributed to the
interaction between local and global shear buckling modes, and pro-
posed the calculation method of elastic interactive shear buckling stress
τecr,I.

= +1 1 1
cr I
e

cr L
e

cr G
e

, , , (14)

The shear strength of corrugated steel web considering material
inelasticity, residual stress, and initial imperfections, can be determined
from the following buckling curve [42], and the buckling curve is
adopted from the design manual for PC bridges with corrugated steel
webs [43].
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where, τn is the shear buckling strength, λs is the slenderness parameter
of the web under shear, = /s y cr I

e
, .

Driver et al. [10] proposed the following formula to predict the
shear strength of corrugated steel webs in bridge girders; this equation
covers inelastic buckling and shear yielding:
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El-Metwally [11] suggested another formula to calculate the shear
strength including the shear yield stress τy, as illustrated in Eq. (17).
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Sauce and Braxtan [12] summarized a large number of previous test
results and derived a similar formula to calculate the shear strength, as
shown in Eq. (18).
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Hassanein and Kharoob [44] believed that the boundary conditions
between the corrugated steel web and the top/bottom flanges are close
to fixed conditions, and proposed Eq. (19) to calculate shear capacity
under such boundary conditions.
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As shown in the test results, the shear stress approximately keeps
constant along the height of the web section. So, the shear force V of
corrugated steel web can be evaluated as follows:

=V h tn w w (20)

Table 4 shows the calculated shear strength of corrugated steel web

of test specimen CSW-1 using the above-mentioned formulas. In addi-
tion, the comparison of the test shear strength (Vexp) to the calculated
ones (Vcal) is also shown in Table 4. As we can see, the formulas pro-
posed by Driver et al. [10], Sauce & Braxtan [12], and Hassanein &
Kharoob [44] are too conservative. The formula suggested by El-
Metwally [11] was less conservative with a discrepancy of 0.06. The
analytical result calculated by formulas proposed by Yi et al. [7] agrees
well with the test result, the discrepancy is just 0.03. Therefore, the
formulas proposed by Yi et al. [7] are suggested to predict the shear
strength of the corrugated steel web in composite beams which pre-
sented shear buckling failure.

6. Conclusions

An innovative application of corrugated steel plates as the webs of
crossbeams in suspension bridge tower was proposed in this study.
Quasi-static tests on three composite beams with corrugated steel web
of different shear-span ratios were conducted to investigate their cyclic
behavior, and related conclusions can be obtained as follows:

(1) Due to different shear-span ratio, the failure modes of test speci-
mens include shear buckling of corrugated steel web, welding
fracture or flexural failure. For test specimen CSW-1 with the
smallest shear-span ratio, corrugated steel web buckled in an “X”
shape, and concrete slabs produced longitudinal split cracks. Test
specimen CSW-2 experienced an unexpected welding fracture, and
longitudinal cracks of CSW-2 occurred similar to that of CSW-1. For
test specimen CSW-3 with the largest shear-span ratio, concrete
crushing and buckling of longitudinal reinforcements were ob-
served, showing typical flexural failure mode.

(2) The hysteretic curve is plump with slight pinching and the ductility
coefficient is more than 3 for test specimen CSW-3, indicating good
energy dissipation and deformation capacity. However, the hys-
teretic curve is less plentiful with obvious pinching phenomenon for
CSW-1, showing relative poor seismic performance. The energy
dissipation capacity of test specimens is better than that of RC
structures, the strength degradation is not obvious and the de-
formation recovery ability is good for all test specimens.

(3) With the decrease of shear-span ratio, the load-carrying capacity
and elastic stiffness of test specimens are increased, while the
ductility coefficient is decreased, the degradation rate of stiffness is
accelerated. Application of composite beam with small shear-span
ratio should be considered carefully.

(4) The corrugated steel web just carries about 30% of the shear force
at the fixed end in the elastic stage, the farther away from the fixed
end, the more of shear force carried by the steel web, which is up to
about 80% in the elastic-plastic stage. The shear force distributes
uniformly over the web height and the stress in the corrugated web
is almost pure shear stress.

(5) The simplified formulas were developed to evaluate the flexural
strength of the composite beam with a discrepancy less than 10%.
Different formulas for calculating the shear strength of corrugated
steel web were compared with the test results, the formulas pro-
posed by Yi et al. [7] are suggested to predict the shear strength of
the corrugated steel web with high accuracy.

(6) This paper focused on the experimental studies on the cyclic

Table 4
Calculated and measured shear buckling strength of test specimen CSW-1.

Formulas Vcal (kN) Vexp (kN) Vcal/Vexp

Yi et al. 1697 1755 0.97
Driver et al. 1235 1755 0.70
El-Metwally 1652 1755 0.94
Sauce & Braxtan 1377 1755 0.78
Hassanein & Kharoob 1380 1755 0.79
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behavior of composite beams with corrugated steel webs con-
sidering different shear-span ratios, other factors (such as corru-
gation profile, material properties and so on) affecting the cyclic
behavior will be further investigated experimentally and numeri-
cally.
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