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The corrugatedwebbed prestressed (CWPS) compositememberwas developed to improve the efficiency of the prestress introduced
into the steel beam, and experimental studies were performed to examine its structural behavior. Additionally, a unified analysis
model that can estimate the nonlinear flexural behavior of the compositemember and the accordion effect of the corrugatedwebbed
steel beams at the prestressing stage was proposed. As a consecutive experimental series, in this study, the discontinuous-webbed
prestressed (DWPS) composite member was developed, and this innovative composite member can reduce the amount of steel
materials used, compared with the former CWPS composite member. Flexural tests were carried out to investigate their structural
performances, and their behaviors were analyzed in detail by a nonlinear finite element analysis.

1. Introduction

Many studies have been actively conducted to use steel
materials more effectively, and particularly studies on inno-
vatively designed steel members have been conducted by
some research groups, as shown in Figure 1. For example,
the research group of the ATLSS Research Center at Lehigh
University proposed various types of innovative steel and
composite members [1–3], and some of them were actually
applied to bridge and building construction. As the steel
structure can be vulnerable to vibration, buckling, and fire,
steel-concrete composite systems are often used to overcome
such disadvantages [4, 5]. Among composite members, pre-
stressed composite members can provide active control of
strength, ductility, and serviceability, and consequently, their
applications have recently grown on many construction sites
[6–8].The introduction efficiency of prestress in a typical steel
beam is, however, very low due to its high axial stiffness, and
the large out-of-plane deformation along the weak axis of
the steel section during prestressing is another concern. In
authors’ previous studies [9, 10], as shown in Figure 2(a), the
corrugated webbed prestressed (CWPS) composite member

was introduced to overcome these disadvantages, which
improves the introduction efficiency of prestress using the
accordion effect. A mechanical analysis model was also
developed to estimate the accordion effect at the prestressing
stage and the flexural behavior of the CWPS member [9].

The fabrication of such a corrugated web, however, is
somewhat costly, leading us to modify it one step further.
In this study, therefore, the corrugated webs were replaced
with discontinuous steel plates, as shown in Figure 2(b),
which can also fully use the accordion effect. Flexural tests
were conducted on the discontinuous-webbed prestressed
(DWPS) composite members, and their flexural behaviors
were evaluated in detail by nonlinear finite element analysis
(NLFEA).

2. Experimental Program

2.1. Test Specimens. The dimensional details of the test
specimens before and after composite action are shown in
Figure 3, which are identical to the specimens in the authors’
previous study [11, 12] except for the shape of steel webs.
The section heights of the test specimens before and after
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Figure 2: Various types of steel beams with innovative steel plate webs.

composite were 373 mm and 470 mm, respectively. The steel
beamhas an asymmetric section, and thewidth of the top and
bottom flanges was 200mm and 300mm, respectively. The
discontinuous steel web plates were welded on the bottom
flange first and, then, subsequently welded on the top flange.
Thewidth and thickness of the concrete slab of the composite
section were 1100mm and 140mm, respectively. In total, two
specimens were tested in this study, and both test specimens
had the same dimensional and material properties except for
the web openings, as illustrated in Figures 3(b) and 3(c). The
test programwas divided into two stages: the stage of prestress
introduction into the naked steel beam with discontinuous

webs before the composite action and the stage of flexural
tests on the simply supported DWPS composite beam spec-
imens. As shown in Figure 3(c), there was no web opening
in specimen FP1, while three openings were intentionally
introduced in the FP2 specimen. The openings were located
at the center and 𝐿/4 (1430mm) away fromboth end supports
of specimen FP2, and their dimensions were 150mm and
100mm in height, respectively, and 150mm in width.

2.2. Material Properties and Test Procedures. The concrete
used for the test specimens was type 1 Portland cement, and
crushed granite stones with a maximum size of 25mm were



Advances in Materials Science and Engineering 3

12
12

14
0

1100

12

84 84

300

66 66
84 84

300

66 66

34
9

33
0

34
9

12

202
202

550∅22 ∅16

∅13

Before composite action After composite action

(a) Sectional details of specimens

Steel strain gauge

97

210
115

600

763 252 810
2935

3620

1060 735 LVDT

685

37
3

34
9

Concrete strain gauge

(b) Specimen FP1

97

210
115

600

50

75

99
.5

97.5 OpenOpen

15
0

763 252 810
2935

3620

1060 735
LVDT

685

37
3

34
9

Steel strain gauge
Concrete strain gauge

(c) Specimen FP2

Figure 3: Details of test specimens and measurements.

used as the coarse aggregate. The concrete mix was designed
to achieve 30MPa in compressive strength with a water-to-
cement (W/C) ratio of 44.2%, and the details of the concrete
mix proportions are summarized in Table 1. The flanges of
the steel beam were all 12mm thick, and the discontinuous
webs were 12mm thick for the one-plate section parts and
6mm thick for the two-plate parts (Figure 3), respectively,

for which SS400 steel was used. Seven-wire low-relaxation
tendons of 12.6mm in diameter were used for all specimens,
and their ultimate tensile strength (𝑓𝑝𝑢) was 1860MPa. The
material tests on the prestressing tendons were carried out
in accordance with the ASTM Standard A370. The material
test results of the prestressing steels including the concrete
and the steel plates are summarized in Table 2. The average
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Table 1: Concrete mix proportion.

Design strength (MPa) Gmax (mm) W/C (%) S/A (%) Unit volume weight (kg/m3)
W C S G AD2

30 25 44.2 46.9 165 373 837 966 1.87

Table 2: Material properties.

Specimen
Steel plate (SS400) Concrete Tendon

6mm 12mm
𝑓𝑦 (MPa) 𝐸st (MPa) 𝑓𝑦 (MPa) 𝐸st (MPa) 𝑓



𝑐
(MPa) 𝐸𝑐 (MPa) 𝑓𝑝𝑢 (MPa) 𝐴ps (mm2)

FP1 268 2.0 × 105 273 2.0 × 105 34 26,994 1,860 98.2
FP2

Support

1370 2172 553
5714LVDT

1000 kN actuator

Figure 4: Test setup.

compressive strength of the concrete (𝑓
𝑐
) was 34.4MPa, and

the strain at the compressive strength of concrete (𝜀
𝑐
) was

about 0.0025. The yield strengths of 6mm and 12mm steel
plates were 268MPa and 273MPa, respectively. As shown in
Figure 4, the DWPS composite beam specimens were tested
under two-point loading condition with a displacement
loading rate of 0.005mm/s. The test specimens were simply
supported with a net span length of 5720mm, and the
distance from the end supports to the loading points was
2860mm.

2.3. Measurements. As illustrated in Figures 3 and 4, four
LVDTs were installed at the soffit of the test specimens
to measure the vertical deflections, and each LVDT was
also installed on both ends in the longitudinal direction to
measure the slippage between the concrete slab and the steel
beam. As shown in Figures 3(b) and 3(c), the strain gauges
were installed at the center, the loading point, and the mid-
point between the support and the loading point of the test
specimens to measure the longitudinal strain distribution
along the member height, and additional strain gauges were
also installed on the prestressing tendons.

3. Nonlinear Finite Element Analysis

For the detailed evaluation of global and local behavior
of the test specimens, nonlinear finite element analyses
(NLFEA) were carried out using ABAQUS, commercially
available software, and the computational procedures are
summarized in Figure 5. In this section, the analysis method

considering the nonlinearity of the materials is explained in
detail together with the modeling strategies of the prestress
transfer mechanism and the composition of concrete with
the deformed steel beam due to prestress. Also, the structural
behaviors of the DWPS composite beams were analyzed, and
the analysis results were compared with the test results.

3.1. Modeling and Material Properties. As shown in Figure 6,
a quarter of the test specimen was modeled because of its
symmetric geometry.The steel beam, the prestressing tendon,
and the concrete were modeled using 3D solid elements.
Themesh size-sensitivity checks were conducted, fromwhich
the proper mesh size has been determined as 50mm, cor-
responding to 1476 elements. Other detailed information on
the mesh size-sensitivity analysis of finite element modeling
can be found elsewhere [10]. Because the geometry of the
DWPS composite beam is quite complex, the eight-node
C3D8R element was selected among the hexahedron (brick)
3D solid elements to improve the convergence of the iterative
calculations and the accuracy of the nonlinear analysis [13].
It is noted that the initial stress or deformation in tendons
due to prestress could not be modeled by using the wire
elements in the ABAQUS platform because of the geometric
characteristics of draped tendon layout and the construction
sequences. Thus, the solid elements were inevitably adopted
in this study especially for the finite element modeling of the
prestressing tendons. For the reinforcing bars, a two-node
T3D2 3D truss element was adopted to simplify themodeling
and reduce the analysis time [14]. The elastoperfectly plastic
behavior was assumed for the constitutive relationships of the
reinforcing bars and the steel plates, as follows:

𝑓𝑠 = 𝐸𝑠𝜀𝑠 ≤ 𝑓𝑦,

𝐹𝑠 = 𝐸st𝜀st ≤ 𝐹𝑦,

(1)

where 𝑓𝑠, 𝜀𝑠, 𝐸𝑠, and 𝑓𝑦 are the stress, the strain, the modulus
of elasticity, and the yield strength of the reinforcing bars,
respectively, and 𝐹𝑠, 𝜀st, 𝐸st, and 𝐹𝑦 are the stress, the strain,
the modulus of elasticity, and the yield strength of the steel
plates, respectively. The modified Ramberg-Osgood model
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Figure 5: Summary of computational procedures.

was used as a constitutive model of the prestressing tendon
[15], which can be expressed, as follows:

𝑓ps = 𝐸ps𝜀ps
{

{

{

0.03+ 0.975

[1 + (118𝜀ps) 10]
0.1

}

}

}

≤ 𝑓𝑝𝑢, (2)

where 𝑓ps, 𝜀ps, 𝐸ps, and 𝑓𝑝𝑢 are the stress, the strain, the
modulus of elasticity, and the tensile strength of the prestress-
ing tendons, respectively. The concrete damaged plasticity
(CDP) model, adopting the Drucker-Prager criterion, was
used to properly consider the confining effect, the material
nonlinearity of the concrete under compressive stress, and
biaxial tension-softening behavior of the concrete. The con-
stant values of the dilation angle (𝜓), the eccentricity (𝑒), and
viscosity parameter (𝜇) were assumed to be 52.9∘, 0.1, and 0,
respectively. Additionally, the ratio of the initial equibiaxial
compressive yield stress to initial uniaxial compressive yield
stress (𝑓𝑏0/𝑓𝑐0) was applied as 1.16, based on Kupfer’s test
results [16] and Arab et al.’s study [17]. To determine the
damage properties and the inelastic strains on the concrete
in compression and tension, Vecchio and Collins’s model
was adopted as the uniaxial stress-strain relationship of the

concrete in compression and tension, respectively, as follows
[18]:

𝑓𝑐 = 𝑓


𝑐
[2(

𝜀𝑐

𝜀
𝑐

)−(
𝜀𝑐

𝜀
𝑐

)

2

] ,

𝑓𝑐1 =
𝑓cr

1 + √200𝜀1
,

(3)

where 𝑓𝑐 and 𝜀𝑐 are the compressive stress and strain of con-
crete, respectively, and 𝑓



𝑐
and 𝜀


𝑐
are the compressive strength

and the corresponding strain of concrete, respectively.𝑓𝑐1 and
𝜀𝑐1 are the tensile stress and strain of concrete, respectively,
and 𝑓cr is the biaxial cracking strength, taken to be 0.33√𝑓

𝑐
.

The stress-strain curves of materials are shown in Figure 7.

3.2. Prestressing Stage before the Composite Action. The
DWPS composite members tested in this study were fabri-
cated through three steps: (1) introduction of prestress into
the naked steel beam, (2) formwork on sides of the steel
beam, and (3) placement of the concrete on the initially
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deformed steel beam due to the prestress.Thus, the construc-
tion sequences need to be properly considered in modeling
for an accurate evaluation of the structural behaviors of
the DWPS composite beams. For the FE modeling of the
prestress transfer mechanism, the interaction between the
prestressing tendons and the steel beam should be taken
into account properly as well. As illustrated in Figure 6, the
nodes at the end of the prestressing tendons were constrained
on the anchorage plate by the node-to-surface condition.
The draped prestressing tendons were also constrained on

the steel saddle idealized by a spring element with infinite
stiffness. The prestresses and deformations induced in the
steel beam before the composite action were reflected on
the DWPS composite beams using the initial condition. The
initial condition option enables the user to give initial values
of stresses or strains to the specific element group in the
ABAQUS platform. By giving a certain magnitude of stress
to the prestressing tendons as an initial condition, then the
prestresses are automatically introduced into the steel beam
in the following loading stage. In Figure 6, the first line in
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the input script represents the command to assign the initial
condition type, and in this study, the stress type was selected.
“Tendon,,,1500” in the second command linemeans the name
of the set to be considered, the directions of the initial
condition (𝑥, 𝑦, and 𝑧), and the corresponding magnitudes,
respectively. Considering the prestress loss due to the elastic
shortening of the steel beam, 1500MPa of the initial stress
was applied to secure the level of the effective prestress (𝑓pe)
to be 70% of the tensile strength of tendons (0.7𝑓𝑝𝑢). The
magnitude of the effective prestress estimated by the finite
element analysis was about 1300MPa, quite similar to the
measured value of 1264MPa.

3.3. Behavior after Composite Action. To properly reflect the
initial stresses and deformations induced in the steel beam
due to the prestress in the nonlinear finite element analysis
of the DWPS beam member after composite action, the
predefined field approach based on orphan mesh [14] was
used. The analysis result file with odb extension provided
by ABAQUS software, which was obtained from the analysis
of the prestress introduction to the naked steel beam with
discontinuous webs explained in the previous section, was
imported as the orphan mesh. Then, the imported stress and
strains were used as the predefined initial conditions of the
steel beam and the prestressing tendons in the subsequent
analysis of the DWPS beam after composite action. This
orphan mesh approach, using the predefined field, allowed
us to combine the steel beam or prestressing tendons with
the concrete without any stress or deformation in concrete,
as illustrated in Figure 8. Because the steel beam has axial
deformation and an initial upward camber due to the pre-
stressing force (𝑃𝑒 = 𝑓pe𝐴ps) and the eccentric moment
(𝑃𝑒𝑒) before composite action, some parts of the deformed
steel beam may overlap with surrounding concrete, or the
inevitable gaps at contact surfaces between the concrete and
the steel beam would be formed. To prevent such problems,
the interaction condition of the contact surfaces between the
steel beam and the surrounding concrete was imposed using
the concept of a master-slave algorithm [12]. Also, the gaps
between the steel beam and the surrounding concrete were
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resolved by controlling the tolerance with the adjustment
zone option, and the level of the allowable tolerance was set
to be capable of accommodating the maximum value of the
initial axial deformation and the vertical camber obtained
from the analysis results at the prestressing stage.

4. Comparison of Test and Simulation Results

4.1. Prestressing Stage of Steel Beam with Discontinuous Webs
before the Composite Action. As mentioned, the magnitude
of the effective prestress in the prestressing tendons was
initially intended to be 0.7𝑓𝑝𝑢, and that measured from the
load cell was 0.68𝑓𝑝𝑢 due to the prestress loss caused by the
anchorage seating and the elastic shortening. The effective
prestressing force (𝑃𝑒) corresponding to the effective prestress
was 122.1 kN. In Figure 9, the strain distributions induced
by the prestress along the member heights measured at the
center section of the naked steel beam before composite
action and those estimated by FEA are compared. It was
confirmed that, due to the accordion effect, strains hardly
developed in the steel web plate, and the large strains were
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Figure 10: Measured and estimated load-displacement responses of test specimens.

measured at the top and bottom flanges, which were the
main flexural resistance elements. However, small tensile
strains were measured in the web plate, although it was
subjected to the compressive force by the prestressing ten-
dons, which seems to be due to the stress disturbance near
the mid-height of web plates. Similar behaviors were also
obtained from FEA results. When the compressive force is
introduced by the prestressing tendons, the compressive force
cannot be transferred continuously because the web plates
are distributed discontinuously, and the forces can only be
transmitted through the top and bottom flanges. Because of
this unique behavioral characteristic, the compressive stresses
introduced into the top and bottom flanges increase.

As explained in our previous report [11], the axial stiffness
and flexural stiffness of the steel beam with corrugated webs
are reduced by the accordion effect, and therefore, the stresses
introduced to the top and bottom steel flanges become larger
than those of the conventional wide flange steel beam. To
reflect the reduction in the axial and flexural stiffness by
the accordion effect, the concepts of the effective moment of
inertia (𝐼eff = 𝜂𝑓𝐼𝑔) and the effective area (𝐴eff = 𝐴flange +

𝜂𝑎𝐴web) were introduced, and the coefficients of the effective
moment of inertia (𝜂𝑓) and the effective web area (𝜂𝑎) were
proposed, respectively, as follows:

𝜂𝑎 = 0.30[( 𝑑

𝑡𝑤

)

0.19
(

𝑎

ℎ𝑤

)

0.19
(

𝑏𝑓

ℎ𝑤

)

0.56

] ,

𝜂𝑓 = 0.70( 𝑑

𝑡𝑤

𝑎

ℎ𝑤

𝑏𝑓

ℎ𝑤

)

0.15

,

(4)

where 𝑑, 𝑡𝑤, 𝑎, ℎ𝑤, and 𝑏𝑓 are the wave height, the web
thickness, the panel width, the web height, and the bot-
tom flange width, respectively. To determine the effective
coefficients (𝜂𝑎 and 𝜂𝑓) for the discontinuous-webbed steel
beams, parametric studies were conducted here on a total of

24 FE models, as in Kim and Lee’s study [11]. The analysis
results showed that the coefficients of effective moment of
inertia (𝜂𝑓) and effective web area (𝜂𝑎) of the CWPS and
DWPS composite members were almost identical. On this
basis, the strain and stress behavior of the steel beam with
discontinuouswebs at the prestressing stage can be estimated,
considering the accordion effect, as follows:

𝜀pe,𝑡 =
𝜎𝑡

𝐸𝑠

= −
𝑃𝑒

𝐸𝑠𝐴eff
+

𝑃𝑒𝑒

𝐸𝑠𝐼eff
𝑦𝑡 −

𝑀𝑑

𝐸𝑠𝐼eff
𝑦𝑡,

𝜀pe,𝑏 =
𝜎𝑏

𝐸𝑠

= −
𝑃𝑒

𝐸𝑠𝐴eff
+

𝑃𝑒𝑒

𝐸𝑠𝐼eff
𝑦𝑏 −

𝑀𝑑

𝐸𝑠𝐼eff
𝑦𝑏,

(5)

where 𝜀pe,𝑡 and 𝜀pe,𝑏 are the effective prestrains in the top
and bottom flanges of the steel beam, respectively, 𝜎𝑡 and 𝜎𝑏

are the stresses on the top and bottom fibers of the section,
respectively, 𝑃𝑒 is the effective prestressing force, 𝐸𝑠 is the
elastic modulus of the steel plate, 𝐴𝑔 and 𝐼𝑔 are the area
and the moment of inertia of gross section, respectively, 𝑒
is the eccentricity of the tendon from the centroid of the
gross section at themaximummoment region,𝑀𝑑 is the dead
load moment, and 𝑦𝑡 and 𝑦𝑏 are the distances from the top
and bottom fibers of the section to the centroid of the gross
section, respectively.

4.2. Behavior of Composite Member with Discontinuous Webs.
Figures 10(a) and 10(b) show the load-displacement responses
of specimens FP1 and FP2 and those estimated by NLFEA.
For specimen FP1, the initial flexural cracks were observed at
58 kN (2mmvertical deflection atmid-span of the specimen).
At the load level of 393 kN (13mm deflection at mid-span),
the cracks propagated into the concrete slab, and, at a load
level of 589 kN (23mm deflection at mid-span), the stiffness
of the load-displacement curve was reduced with shear
cracking at the support region. At a load level of 687 kN
(43mm deflection at mid-span), horizontal shear cracks
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Figure 11: Strain distribution along the sectional heights of specimen FP1.

between the concrete slab and the top flange of the steel beam
were observed, and small pieces of the concrete slab near the
loading point were delaminated.Thereafter, the displacement
of the specimen increased rapidly due to yielding of the
bottom flange of the steel beam, and the maximum load
was measured as 785 kN, and the FP1 specimen failed at
a deflection of 147mm in flexure, at which the concrete
in the compression zone was crushed. Similar behavioral
patterns of the load-deflection responses were observed in
specimen FP2 having the web openings. Flexural cracks were
observed at 68 kN (2mm deflection at mid-span), and these
flexural cracks developed into the concrete slab at 539 kN
(20mm deflection at mid-span) with shear cracks observed
in the shear span. Thereafter, with a large deformation, it
failed at a loading of 789 kN (152mm deflection at mid-
span) showing the concrete crushed in the compression
side near the loading point. Several splitting cracks were
observed at the corner of the openings, but the FP2 specimen
showed almost similar load-deflection behavior to that of
specimen FP1 without web opening. The NLFEA evaluated
the behaviors of specimens FP1 and FP2 very similarly and
also provided accurate estimation on their yielding points and
strengths. In Figures 10(a) and 10(b), the horizontal lines are
the flexural capacities of specimens FP1 and FP2, respectively,
estimated in accordance with EC4 [12]. It is shown that the
proposed prestressed steel-concrete compositememberswith
discontinuous webs can be designed by the EC4 model with
a proper margin of safety.

4.3. Strain Distribution of Composite Section. The strain
behaviors of specimens FP1 and FP2 measured at mid-span
are compared with those estimated by NLFEA in Figures
11 and 12. The measured strains were obtained from strain
gauges mounted on the top and bottom surfaces of the
concrete slab and those from strain gauges attached to the
steel beam, as shown in the right side of Figures 11 and 12 in
red and black. As illustrated in Figure 11, the bottom flange of

the steel beam showed a yielding strain at a deflection level
of about 23mm, which agreed well with the load-deflection
behavior shown in Figure 10. The strain distributions
obtained from the NLFEA showed similar behaviors to
those observed in the tests, and, in particular, the analysis
results well estimated the tensile strain behaviors measured
at the gauge mounted on the soffit of the concrete slab. In
Figure 13, the strain distribution of the DWPS composite
beam estimated by NLFEA is presented, in which the tension
zone below the neutral axis was expressed in the dark color
to clearly distinguish it from the compressive zone. As shown
in Figures 11(a) and 13(a), the strain distributions of both the
concrete slab section (B-B section) and the central section of
the composite beam (A-A section) were similar to each other;
this is because the neutral axis was located lower than the
soffit of the concrete slab before yielding of the bottom flange
of the steel beam. After the yielding of the bottom flange, as
shown in Figures 11(b) and 13(b), however, the neutral axis
was located above the soffit of the concrete slab, and tensile
strains also occurred in the concrete slab, while the top flange
of steel beam did not experience such tensile strains. This
deformation characteristic is caused by the accordion effect,
developed in the steel beam with discontinuous web plates,
which were captured by the NLFEA properly. The accordion
effect of the test specimens observed after the composite
action may have a negative effect on the flexural strength of
the DWPS composite beam. However, its actual influence
was insignificant; this is because the contributions of the top
flange and the web to the flexural strength were relatively
small compared with those of the bottom flange and the top
slab. As shown in Figure 12, the behavioral characteristic of
specimen FP2 with the opening was also very similar to that
of specimen FP1. It is, however, noted that the strain increase
measured at the soffit of the concrete slab of specimen FP2
was smaller than the F1 specimen. In contrast, the strains
measured at the bottom steel flange of specimen FP2 were
larger than that of specimen FP1 after its yielding, and this
tendency appeared in both the analysis and test results. It is
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Figure 12: Strain distribution along the sectional heights of specimen FP2.
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Figure 13: Comparison of strain distributions of composite section.

considered that the section area of the steel web reduced by
the openings in the web plates caused the larger stresses in
the bottom flange of specimen FP2 compared with the FP1
specimen.

4.4. Vertical Distribution of Shear Stress. The shear strength
of the DWPS composite beam (𝑉𝑛) is provided mainly by
the webs of steel and concrete. Thus, it can be expected
that the web openings could have a significant influence
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Figure 14: Vertical shear stress distributions in transverse direction.

on its shear performance. To examine the effect of the web
opening on the shear performance of the DWPS composite
member, the distributions of shear stresses of specimens FP1
and FP2 at the maximum load estimated by the NLFEA
are presented in Figure 14. It is noted that the shear stress
distributions were calculated at the middle of shear span
between the support and the loading point. The maximum
shear stress values (𝑓V,max) of specimens FP1 and FP2 were
56.3 and 76.7MPa, respectively, and by assuming a parabolic
shear stress distribution, the ratio of the maximum shear
stress (𝑓V,max) to the average shear stress of wide flange steel
beam (𝑓V,average) can be approximated to 1.1. Then, the shear
resistance provided by the steel web plate (𝑉𝑠,FEA) can be
estimated, as follows:

𝑉𝑠,FEA =
𝑓V,max

1.1
𝐴𝑤,

(6)

where𝐴𝑤 is the area of the steel web plate. On the other hand,
in the AISC specification, the shear strength of a typical wide
flange steel member is specified, as follows:

𝑉𝑠,AISC = 0.6𝐹𝑦𝐴𝑤𝐶V, (7)

where 𝐶V is the ratio of the critical web stress to the shear
yield stress, which was taken to be 1.0 in this study. The shear
resistance provided by the steel web (𝑉𝑠,FEA) of specimens FP1
and FP2 was calculated with (6) as 252.2 kN and 229.3 kN,
respectively, while their shear strengths estimated using (7)
were 1143.3 kN and 881.2 kN, respectively. Thus, it can be
confirmed that, regardless of the web openings, the shear
strengths of the DWPS composite members are sufficient.

4.5. Horizontal Distribution of Shear Stress. Figure 15 shows
the estimated distributions of the horizontal shear stresses
developed in the longitudinal direction of the DWPS com-
posite members along the interface between the concrete slab
and the surface of top steel flange. At a small load level, below
589 kN, before yielding of the composite beam (i.e., at an

elastic state), the specimens showed almost constant shear
stress distributions, but after yielding of the composite beam,
the horizontal shear stress near the loading point increased
significantly. This is because the horizontal shear stresses
resisted by the interface between the concrete slab and the top
steel flange increased along with the moment increase and
the plastic region was gradually expanded from the loading
point (i.e., maximum moment region) after yielding of the
composite beam. By comparing Figures 15(a) and 15(b), it
can be seen that the influence of the web openings below the
interface on the distribution of horizontal shear stress was
insignificant.

5. Conclusions

In this study, the discontinuous-webbed prestressed com-
posite beam was introduced, and its structural behaviors
were examined in detail through experimental tests and FE
analyses. Based on this study, the following conclusions were
reached:

(1) The nonlinear finite element analysis (NLFEA)
approach presented in this study was able to
properly evaluate the structural behaviors of the dis-
continuous-webbed prestressed (DWPS) composite
members, including the flexural strengths and the
stiffness as well as the local behaviors.

(2) From the results of both the tests and the finite ele-
ment analyses, it was confirmed that the introduction
efficiency of prestress to the top and bottom flanges,
which are the main flexural resistance elements, was
greatly improved by using the accordion effect of the
steel beam fabricated with the discontinuous webs.

(3) With reduced cross section of the steel web due to the
openings, the shear stresses in the web steel plate are
likely to be partially increased. Its effect was, however,
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Figure 15: Horizontal shear stress distribution estimated by FEA.

marginal, and sufficient safety can be achieved by con-
sidering the reduced cross section in the calculation of
the shear strength of the DWPS composite member
according to the design specification.
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