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ABSTRACT

In this study, the structural performance of prestressed composite girders with
corrugated webs was evaluated by conducting experiments on a total of five specimens
with the key test variables of prestress level, tendon layout patterns, welding methods,
and shear connectors. The test results showed that the prestress introduced in the top
and bottom flanges of the steel beam increased significantly due to the accordion effect
before the composite with concrete, and the flexural stiffness and strength of the
prestressed composite beams were superior to the non-prestressed specimen. In
addition, it was found that sufficient flexural performance can be secured by partial
welding between corrugated-plate web and top or bottom flange, in which the
constructability of the corrugated webbed beams could have been greatly improved.
The accordion effect that occurs in a steel beam when prestress is introduced before
the composite with concrete was reflected in the analysis model using the concept of
effective cross-section, and the structural behavior of the prestressed composite beams
was evaluated by a fiber element model. The analysis methods presented in this study
appropriately evaluated the accordion effect and the flexural behavior of prestressed
steel-concrete composite members with corrugated webs.

1. INTRODUCTION

The demand for horizontal members suitable for long-span implementation continue
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to rise in civil structures such as bridges, and the demand for horizontal members that
enable not only long-span but also floor height reduction has increased in a large-scale
architectural buildings constructed in downtown areas. Thus, many efforts to develop
long-span steel-concrete composite members have been actively made (Heo et al.
2002, Mullett 1998, Salmon and Johnson 1996), and in particular, prestressed
composite beams has been recently studied (Ayyub et al. 1990, Ayyub et al. 1992a,
Ayyub 1992b, Bae and Lee 2007, Chen and Gu 2005, Kim et al. 2002, Lorenc and
Kubica 2006), which are more active way to ensure serviceability. While prestressing
technique has been generally applied to concrete members, it is coupled to a
composite beam in a prestressed composite beam. Since the prestressed composite
beams are very effective for deflection control and strength enhancement, their
researches and field applications have gradually increased (Ayyub et al. 1990, Ayyub et
al. 1992a, Ayyub et al.1992b, Bae and Lee 2007, Chen and Gu 2005, Kim et al. 2002,
Lorenc and Kubica 2006).

A typical I-shaped steel beam has a very large axial stiffness, which leads to a very
low introduction efficiency of prestress when the prestressing method is applied.
However, as shown in Fig. 1(a), the application of corrugated webs can improve the
efficiency of prestress introduced to the top and bottom flanges through the accordion
effect that occurs due to the low axial stiffness of the corrugated webs when the
prestressing forces are introduced and that also enhances the deflection control
efficiency. In addition, as shown in Fig. 1(b), the upward camber of steel beam in the
prestressed encased-composite beam make it possible to reduce its floor height by h,,

compared to that of the general composite beam. The conventional composite beams
for floor height reduction have disadvantages in stiffness and strength as their section
heights reduce. However, a prestressed composite beam can complement it effectively
by introducing high-strength tendons. Therefore, the prestressed composite beam with
corrugated webs can be advantageous for long-spans, and can be an effective
alternative for floor height reduction (Kim and Lee 2011, Kim et al. 2011).

Figure 2 shows the concept of the prestressed composite beam with corrugated webs.
Since the deflection control is very important in a long-span member, this study
attempted to enhance the flexural stiffness and strength by introducing prestress to the
steel beam using high-strength tendons. In addition, since the efficiency of the
prestress introduced into the flanges is low when prestress is introduced to a typical
stiff steel beam, the corrugated webs replace the webs so that the efficiency of the
prestress can be improved through the accordion effects. However, the accordion effect
of corrugated webs is not yet clearly understood, and few studies have been conducted
on the behavior of a prestressed composite beam with corrugated webs. Therefore, in
this study, the accordion effect, which is induced at the prestressing stage before the
composite with concrete, is quantitatively evaluated by applying the concept of the
effective cross-section (Kim et al. 2011, Oh et al. 2012), and the flexural behavior of the
composite beam is analyzed by the flexural behavior model proposed in this study. The
proposed model is based on a cross-sectional analysis, and can be used for the
evaluation of the nonlinear flexural behavior of the prestressed encased-composite
beam in a relatively simple manner.
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Fig. 1 Characteristics of the corrugated webbed steel beam
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Fig. 2 Conceptual description of prestressed composite beam with corrugated webs
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In this study, the flexural tests on a total of five prestressed corrugated-webbed steel-
concrete composite beams were performed. To evaluate the effect of the prestress on
its structural behavior, four specimens were prestressed but not in one control
specimen. Two types of tendon profiles, one-draped and two-point draped layout, were
considered in this study to investigate the difference in their flexural behavior according
to the tendon profiles. The effect of welding methods between corrugated web plate
and flanges was also investigated, for which one specimen adopted entire-length
welding between corrugated web plate and flanges and all other specimens partially
welded to improve constructability of the corrugated webbed steel beam. On the other
hand, the neutral axis of the composite beam specimens in previous studies (Heo et al.
2002, Lawson et al. 1997, Mullett 1992) was mostly located at lower than the top flange
of their steel beam because the widths of concrete slabs were relatively small, and the
top flanges of the steel beams were embedded deep into their slab sections. However,
the effective widths of the T-shaped composite beams can be much larger than those
of the specimens in previous studies, which can be easily checked from calculating the
effective width of the T-shaped concrete cross-section specified in national codes, for
instance, the ACI318-08 (2005), AASHITO-LRFD (2004) and AISC (2001) design
criteria, and the longitudinal reinforcing bars are generally provided in concrete slab.
Thus, the neural axis can be often located at higher than the top flange of the steel
beam. In this study, the slab width of the composite beam specimens was determined
to 1,100 mm, which was the maximum slab width limited by the testing laboratory
facility, and reinforcing bars were placed in the slab as needed so that their neural axis
can be located at higher than the top flange of the steel beam. The effect of shear
connectors on the horizontal shear strength of the composite beams was also
investigated. In addition, the behavior of the specimens before the composite with
concrete and their flexural behavior after the composite with concrete were evaluated
by using an accordion effect analysis model and a fiber sectional analysis model,
respectively.

2. TEST PROGRAM

In this study, one non-prestressed composite beam with a corrugated web, FNCP,
and four prestressed composite beams with corrugated webs were fabricated, as
shown in Table 1, to assess their flexural behavior. The prestressed composite beams
with corrugated webs consisted of FPCE1P, FPCE2P, FPCE2PS and FPCE2GS,
depending on shear connector, tendon profiles, and welding methods. Fig. 3 shows the
tendon profiles, dimensions, and sectional details of each specimen before the
composite with concrete. The specimen FPCE1P had one drape point, and the
specimens FPCE2P, FPCE2PS and FPCE2GS had two drape points. For FNCP, no
tendon was provided, and the other sectional details were identical to the prestressed
specimens. Each of the specimens was 7,240 mm long, the corrugated web was 6 mm
thick, and the top and bottom flanges were 12 mm thick. In addition, the steel beam has
an asymmetric cross-section, where the widths of top and bottom flanges are 200 mm
and 300 mm, respectively, so that any deck plate-type floor slab can be directly placed
on its bottom flange. As shown in Fig. 3(c), the corrugated web was manufactured with
a 60 mm wave height and a 28.7° wave height angle, and no extra stiffener was
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installed in the web. As shown in Figs. 4(a) and 4(b), after the top and bottom flanges
and the corrugated web were manufactured separately, they were welded together.
While the web and the flanges were welded along the whole length in a longitudinal
direction for the G-series specimens, the inclined parts of the web were not welded in
the P-series specimens for fast manufacturing process of the corrugated webbed steel
beam. The weld size (s) of 12 mm and the weld throat thickness (a) of 8.4 mm were
determined based on the AISC J2.2 requirements, and the welding quality was
confirmed by ultrasonic tests. After the corrugated webbed steel beams were
prestressed, forms were set on the sides of the steel beams, the slab reinforcing bars
were placed, and concrete was cast in place, as shown in Figs 4(c) to 4(e).

Table 1 Test specimens

, . Draped . Shear
Specimen Web Prestressing ooint(s) Welding type connectors
FPCE1P corrugated O 1 partial -
FPCE2P corrugated O 2 partial -
FPCE2PS | corrugated O 2 partial @300
FPCE2GS | corrugated O 2 gross @300
FNCP corrugated X - partial -
of 1225 600 A—f’%
3 B i i
o 2L ‘ o= ¢12.6 — 7 wires tendon A—»‘
3620 i?:
[FPCE1P]
v 229, 600 L:?%
T i
210 115 - = - £ ‘ 200
o #12.6 -7 wires tendon r.\ o
2935 685 :?: =
[FPCE2P]
a o
o 225 600 — #13x55@300 A o el
i i i I i I i i F ™
JT B T | —M16
o L = $12.6— 7 wires tendon -+ T’! %Qﬂ Eg :ﬁ
B 2935 685 :?:
‘ ‘ 35 ‘75‘80 75‘ 35
[FPCE2PS, FPCE2GS] iy

(a) Tendon profiles and dimensions of specimens

and A-A section details of corrugated web
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(b) Plan view of corrugated web

Fig. 3 Details of specimens before composition (units: mm)
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Fig. 4 Fabrication of specimens

Fig. 5 shows the details of the composite specimens. For the S-series specimens,
shear studs with a 440 MPa tensile strength (F,,) and a 13 mm diameter (a 22 mm stud
head diameter) were placed at 300 mm spacing. As shown in Fig. 5(b), the composite
section is T-shaped, and the concrete slab was 140mm thick and 1,100 mm wide. The
height of the composite section was 470 mm, and the distance between the extreme
top fiber of the section and the tendon (d ) was 205 mm at the ends of the specimen

and 420 mm at the center of the specimen, respectively. In the concrete slab, D16
longitudinal reinforcing bars were placed at 100 mm spacings in double layers, and D22
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and D13 bars were also placed in perpendicular direction at 500 mm spacings in
double layers.

As shown in Table 2, the design compressive strength of the concrete was 35.0 MPa
with the water to cement of 43.3%, and the type | Portland cement and the coarse
aggregate with maximum size of 25 mm were used. Material tests on ¢100x200 mm

concrete cylinders were performed, and average compressive strength of concrete was
48.0 MPa for the specimens FNCP, FPCE1P, and FPCE2P, and 36.0 MPa for the
specimens FPCE2PS and FPCE2GS. Their concrete compressive strengths were
somewhat different because they were cast at different times in two experimental
groups and their ages were different at the time of testing. The D16 deformed bars
were SD400 with the average yield strength of 410.0 MPa, and SS400 steel was used
for the corrugated steel beam. As shown in Table 3, the coupon tests on the 12 mm
and the 6 mm steel plates used in the steel flanges and the corrugated webs provided
somewhat different results ranging from 200 MPa to 292 MPa. The seven wire low
relaxation tendons with 12.7 mm in diameter (cross-section area of 98.21 mm?) were
used and their nominal tensile strength was 1,860 MP.

Table 2 Concrete mixture proportion

Mix G Unit volume weight (kg/m®)
t th max W/C (9 S/A (¢
“Mpay | (Mm) %) @ w ¢ s & | AD
35 25 43.3 46.3 162 373 830 981 1.87
%
R NRRN
1 i
D2@2%0.  D16@100 TiiiT
E i D13@250/‘ = l f
Ii ¢#12.6 — 7 wires tendon | \
D22@250 D16@100 %
I = s ; Ex T
8 & 1 013@250% B f

i‘ ¢12.6 — 7 wires tendon |

770 2172 6895

(a) Dimensions of composite of specimens and loading geometry
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(b) A-A section details of composite specimens

Fig. 5 Details of prestressed composite beams with corrugated web

Table 3 Material test results

Reinforcement Tendon
_ D13 D16 D19 #412.6
SpeCImen E, (MPa) f, (MPa) E, (MPa) f, (MPa) E, (MPa) f, (MPa) fpu (MPa)
FNC |2.0x10°| 410 |2.0x10°| 410 |2.0x10°| 410 1855
FPCE1 2.0x10° 410 |20x10°| 410 |20x10°| 410 1855
FPCE2 2.0x10° 410 |20x10°| 410 |20x10°| 410 1855
FPCE2PS | 2.0x10°| 410 |20x10°| 410 |2.0x10°| 410 1855
FPCE2GS 2.0x10° 410 [2.0x10°| 410 |2.0x10° 410 1855
Steel Concrete
. Thickness 6 mm Thickness 12 mm Design strength: 35 MPa
Spemmen F, (MPa) E, (MPa) F, (MPa) E, (MPa) f; (MPa)
FNC 278 1.9 x 10° 292 2.0x10° 48
FPCE1 278 1.9x10° 292 2.0x10° 48
FPCE2 278 1.9 x 10° 292 2.0x10° 48
FPCE2PS 290 1.9 x 10° 220 1.9x10° 35
FPCE2GS| 290 1.9 x 10° 220 1.9x10° 35

2.2 Loading and Measurements

As shown in Fig. 5(a), the composite beam specimens were simply supported with a
span length of 5,700mm, and a two-point concentrated load was applied on the
specimens under the displacement control. Their deflections were measured by four
LVDT extensometers installed under the specimens between the end-supports and the
center of specimens, and the relative slip between the steel beam and concrete during
the loading history was monitored by the LVDTs installed at both ends of the members.
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In addition, the changes in the tendon stresses were observed by the load cells
installed at the member ends. As shown in Fig. 6(a), the strains in the longitudinal
direction of the specimens were measured by the strain gauges attached on the top
surface of the concrete slab, the flanges and the webs of the steel beams, and the
tendons. As shown in Fig. 6(b), the strains of the corrugated beam encased by
concrete were measured precisely during the prestressing stage as well as along the
loading history by the three strain gauges in the webs and those at the top and bottom
flanges. In addition, as shown in Fig. 6(c), concrete gauges were placed along the
width at the top surface of the concrete slab at the midspan. All the gages and the
measurement devices were connected to a data logger and all data were collected
every second. The crack patterns and the crack widths in each loading step were also
recorded in detail.

3. TEST RESULTS

3.1 Prestressing Stage of the Steel Beam with Corrugated Webs before the
Composite with Concrete

The prestress was introduced to the corrugated steel beams. The design prestressing
force of a tendon was 128 kN (0.7f ,A ), but the half of the prestressing force was

introduced at a time in the order shown in Fig. 7(a) to prevent any possible out-of-plane
buckling of the member, except the specimen FPCE2P in which the full design
prestressing forces were introduced to each tendon at a time for the purpose of
investigation of the prestress loss according to the prestress introduction methods. Fig.
7(b) shows the prestressing forces measured by the load cell versus the strains of the
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Fig. 6 Test set-up and locations of measurement devices
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bottom flanges measured from the gauges attached at the midspan during the
prestressing operation. The strain at the bottom flange of the steel beam increased
almost linearly as the prestressing force increased. In the case of the specimens
FPCE1P, FPCE2PS, and FPCE2GS, after the half of the target prestressing force
(approximately 64 kN) was introduced, the prestressing force tended to decrease
slightly, which was mainly due to the anchorage seating loss and the elastic shortening
when introducing the prestress to the other tendons. In the second stage of
prestressing up to the target prestressing force, the linear prestressing force-bottom
flange strain behavior was also observed in all specimens. After the completion of the
prestressing work, the effective prestressing force was 128.0 kN, which was the
targeted prestressing force considering the instantaneous loss of approximately 6.9%
caused by the anchorage seating and the elastic shortening. In the specimen FPCE2P,
in which the full design prestressing forces were introduced to each tendon at a time,
there was no difference in the effective prestressing force after completion of the
prestressing operation, compared to other specimens.

Fig. 8 shows the strain distributions along the height of the cross-section of the
specimens FPCE1P, FPCE2P, FPCE2PS, and FPCE2GS, which was measured at the
midspan after the completion of the prestressing work. The accordion effect (Driver et
al. 2006, Elgaaly et al. 1997, Huang et al. 2004, Khalid et al. 2004,) can be clearly
observed in these all specimens, in which the strains in the top and bottom flanges
were large while the strains in the corrugated webs were very small. Table 4 compares
the strain values measured from the top and bottom flanges with those calculated for a
typical I-shaped member, i.e., ignoring the accordion effect. It can be confirmed that the
strains measured from the top and bottom flanges of all the corrugated webbed beams
(e,n,and ¢, ) were greater than those calculated for a I-shaped member (¢, .and ¢, ).

In addition, the efficiency of the prestress introduced into the bottom flange was
enhanced by 13% ~ 41% with an average of approximately 28% improvement.
160
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(a) Jacking operation and order  (b) Measured prestressing forces in tendon and
corresponding strains in bottom flange
Fig. 7 Prestressing stages of corrugated steel beam
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Fig. 8 Comparisons of test results to analysis results estimated by the effective
area concept

Table 4 Strains in top and bottom flanges

Specimen P, (kN) Calculation Measurement Efficiency
& (1) & (1) Em (1) Eom (10) Eiml Ec | Eom! o
FPCE1 498.8 -37.9 -394.7 -95.7 -509.1 2.5 1.29
FPCE2 504.8 -38.2 -399.6 -89.1 -450.5 2.3 1.13
FPCE2PS 494.0 -37.7 -390.8 -175.8 -550.0 4.7 141
FPCSEZG 496.4 -37.8 -392.8 -138.9 -514.0 3.7 1.31

The strains (&4, and ¢, ,) and the stresses (o, and o) in the top and bottom
flanges of the corrugated webbed steel beams can be calculated, as follows:

o, P Pe M
Epestt = — = VY, - ster Yi (1a)
Es Esp\aff Esleff Esleff
_ i _ Pe _ Pee M d ,steel (1b)
Eamatn E EA E.l Yy E.| Vs

s s’ eff s eff s eff

where P, is the effective prestressing forces, E;is the elastic modulus of steel plates, €
is the eccentricity between the centroid of the member section to the centroid of the
tendons, M . is the flexural moment caused by the dead load of the steel beam, Yy,

is the distance from the centroid to the extreme top fiber of the member section, and Yy,
is the distance from the centroid to the extreme bottom fiber of the member section.
Ay and | is the effective cross-section area and the effective moment of inertia,
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respectively, which can be estimated, as follows (Kim et al. 2011):
L =771 (2)
Aeff = Aﬂange + naANeb (3)

where |, is the moment of inertia of gross section, A is the sum of the sectional

flange

area of the top and bottom flanges, A, is the sectional area of the corrugated webs,

and n; and 5, are the coefficients of the effective moment of the inertia and the
effective web area, respectively, which can be estimated, as follows (Kim et al. 2011):

d a bf jo.lS

—o70] 222
g [t hy

w oW W

d 0.19 a 0.19 bf 0.56
weonl() () )] ”

where d is the wave height of the corrugated webs, t, is the web thickness; a is the

(4)

web panel width, h, is the web height, and b; is the bottom flange thickness. For the

specimens investigated in this study, the coefficient of the effective moment of inertia
(14 ) and the effective web area (7, ), which were calculated using the equations (4) and

(5), were 0.91 and 0.39, respectively, which means that the effective flexural stiffness
and the effective axial stiffness of the corrugated webbed steel beams decreased by
91% and 39% compared to I-shaped steel beam, respectively. This reduction in
stiffness increased the effective prestress introduced to the top and bottom flanges. In
Figure 8, the horizontal lines at the height of the top and bottom flanges are the
estimated results by the concept of the effective cross-section, which shows that the
strain, and thus the stress, of the corrugated webbed steel beam induced by the
prestressing forces can be closely evaluated in a simple manner by the proposed
approach.

3.2 Load-end Slip-deflection Behavior

Fig. 9(a) shows the load-displacement responses of test specimens. In the specimen
FNCP, initial flexural cracks occurred at midspan under about 50 kN. The bottom flange
started to yield when the load exceeded about 450 kN, and the flexural stiffness of the
specimen was significantly decreased as the flexural cracks progressed to the slab.
The horizontal shear cracks were observed at 520 kN, which propagated to near the
loading point at the maximum load of 600 kN. After horizontal shear cracks were
observed, the slope of the load-deflection curve was very flat until the horizontal shear
failure occurring with the separation of the concrete slab from the top of the steel beam.
The slip between steel beam and concrete could not be measured in the specimen
FNCP due to malfunction of the measuring device.
The initial stiffness and strength significantly increased in the prestressed specimens
FPCE1P and FPCE2P, compared to the non-prestressed specimen FNCP. Both
prestressed specimens showed almost similar load-deflection behavior, and their initial
stiffness and strength increased by about 20% and 25%, respectively, compared to the
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non-prestressed specimen. Both prestressed specimens showed linear behavior up to
about 650 kN that was much greater than the yield strength of the specimen FNCP,
from which the strengthening effect of the prestressing tendons was clearly observed.
The initial cambers induced by the vertical component of prestressing forces were
measured as about 4.0 mm and 3.0 mm in the specimens FPCE1P and FPCE2P,
respectively. Their initial flexural cracks occurred at near 70 kN, which is 40% higher
than the specimen FNCP. At a load of about 420 kN, the horizontal shear cracks
occurred between the concrete slab and the steel beam at the end region of the
specimen FPCE1P. The bottom flange of the steel beam yielded at 680 kN, and the
stresses in the tendons approached their yield strengths at 719 kN. The horizontal
shear crack propagated into the maximum moment region at the maximum load of 737
kN, and the significant slip was observed between the concrete slab and the top flange
of the steel beam with a sharp decrease of load. There was no further increase in the
load from this point, but the load was maintained until the displacement reached about
110 mm, at which loading was terminated. In the specimen FPCEZ2P, a horizontal shear
crack was observed at 450 kN, and the bottom flange yielded at 691 kN. The stresses
in the tendons approached their yield strength ( f ) at 725 kN, and the horizontal shear

crack progressed into the maximum moment region at 745 kN, which finally led to the
horizontal shear failure that was similar to the specimen FPCE1P. Fig. 9(b) shows the
end slip between the concrete slab and the steel beam measured at the end of
specimens. It can be seen that the end slip was initiated at a load level of 394 kN in the
specimens FPCE1P and FPCE2P. As shown in Fig. 10(a), in the specimens FNCP,
FPCE1P and FPCE2P that had no shear connector, the significant increase of the slip
between the concrete slab and the steel beam occurred and led to the horizontal shear
failure.

A horizontal shear crack also occurred in the specimens FPCE2PS and FPCE2GS
that had shear studs, but it occurred at 690 kN, which was about 60 % higher than that
in the specimens FPCE1P and FPCE2P that had no shear stud. In addition, as shown
in Fig. 9(a), the specimen FPCE2PS showed a continuous increase of load without any
marked drop even after the horizontal shear crack occurred. The loading were
terminated when there was no further increase in the load after the deflection reached
over 100 mm at the maximum load of 804 kN. The specimen FPCE2GS also showed a
very similar behavior with that of the specimen FPCE2PS. There was a slight decrease
in the load when the horizontal shear crack was occurred at 750 kN, but it was
immediately recovered, and the test ended at the maximum load of 830 kN and the
displacement of about 110 mm. The overall behavior of the specimen FPCE2PS, in
which the corrugated web and the top and bottom flanges were partially welded, was in
fact almost similar to that of the specimen FPCE2GS, where the entire length was
welded. Thus, it was suggested that the sufficient performance of the prestressed
composite beam can be achieved by the partial welding, which can significantly
improve the constructability of the corrugated webbed steel beam, compared to the
gross welded member. In the specimens FPCE2GS and FPCEZ2PS, the slip was
initiated at the load level of near 600 kN, as shown in Fig. 9(b), which was much greater
than the specimens FPCE1P and FPCE2P. Thus, it can be confirmed that shear
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Fig. 10 Types of horizontal shear cracks

connector can significantly increase the composite action between the steel beam and
the concrete slab, which can ensure a good serviceability of the composite beam. As
shown in Fig. 10(b), the horizontal shear failure plane had expanded to the top of the
shear studs in the specimens FPCE2GS and FPCE2PS having shear studs.

As aforementioned, the changes in tendon stresses during the test were observed by
the load cells installed at the ends of all prestressed specimens. The load cell data
indicated that there was no change in the tendon stresses at the member ends from the
beginning of the loading to the maximum load, which means the tendon and the
concrete remained completely bonded until the end of the test. Fig. 11 shows the
vertical deflection of specimens measured by the LVDTs. There was an about 25 %
decrease of the vertical deformations in the prestressed specimens compared to the
non-prestressed specimen under the same load level. For example, at a load of 490 kN,
the specimen FNCP showed 24.3 mm of deflection at the midspan, whereas the
specimen FPCE2P showed 18.1 mm. In other words, the proposed composite beam is
more advantageous in applying to a long-span structure, and it can effectively control
the deflection by utilizing the high-strength prestressing tendons without increasing the
height of the cross-section. The effect of tendon profile on the overall deflection
behavior of the prestressed composite beam can be observed from comparing the
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results in Figs. 11(b) and 11(c) as the specimen FPCE2P had two draped points in its
tendon layout similar to the shape of bending moment diagram while the specimen
FPCELP had one draped point. There was no difference in their deflection behavior,
which indicated that the tendon profile have little influence on the member deflection in
these prestressed composite members. The comparison between the results shown in
Figs. 11(d) and 11(e) can show any difference in their deflection, if any, according to
the welding method applied between the corrugated webs and flanges. The deflection
of the partially welded specimen FPCE2PS was almost the same with that of the fully
welded specimen FPCE2GS, which indicates that a good flexural performance of the
prestressed composite beam can be achieved by the partial welding method that can
significantly reduce the time and cost for the fabrication of the corrugated webbed steel
beam.
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Fig. 11 Deflection of specimens at various loading stages
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3.3 Crack Patterns and Failure Modes

Fig. 12 shows the observed crack patterns of specimens. In the specimen
FNCP, the flexural cracks in the maximum moment region propagated deeply
up to the concrete slab at a load of 550 kN as well as its ultimate failure load.
There were relatively small numbers of cracks, on which strains were
concentrated, and consequently, the maximum crack widths went as large as
25 mm and 3.0 mm at 550 kN and its ultimate load, respectively. The
horizontal shear cracks also occurred near the member ends and propagated
toward the midspan. In the specimen FPCE1P, the flexural cracks rarely
progressed into the concrete slab even at the ultimate failure load, unlike in the
specimen FNCP. The flexural cracks were well distributed along the member
length and the crack widths were relatively small compared to the specimen
FNCP. The crack patterns and distributions in the specimen FPCE2P were also
very similar to those of the specimen FPCE1P, except that the horizontal shear
cracks developed from both ends in the specimen FPCE2P. More flexural
cracks formed with smaller crack widths in the specimens FPCE2PS and
FPCE2GS, compared to the specimens aforementioned, and the numbers and
widths of the horizontal shear cracks were also relatively small in these
specimens. The maximum crack width of the specimens FPCE2PS and
FPCE2GS at the failure load was about 3 mm, even though they failed at much
higher loads than the other specimens. At the load level near 550kN, the
maximum crack width in the specimens FPCE1P and FPCE2P was only 0.6
mm, whereas the maximum crack width in the specimen FNCP was 2.5 mm,
and the crack widths in the specimens FPCE2PS and the FPCE2GS with shear
studs were 0.40 mm and 0.45 mm, respectively. This shows that the
prestressed composite beam proposed in this study can provide a good crack
control ability, which is due to the effects of the tendons and the prestress.

Fig. 13 shows the concrete strains obtained from the gauges attached on the
top face of the concrete slab, as shown in Fig 6(c), to assess the effective width
of the concrete slab. The compressive strains of the slab in each specimen was
distributed nearly same along the slab width, which means that a 1,100mm
flange width in the composite section is within the effective width of the T-
shaped beam. The specimen FNCP failed at the compressive strain of 0.0025,

which is nearly the maximum compressive strain of the concrete (¢, ), and thus,

it seems that the horizontal shear failure occurred at very close to the ultimate
strength. However, in the specimens FPCE1P and FPCE2P, the compressive
strain at ultimate was only about 0.0015, which means that the horizontal shear
failure occurred long before it reached the flexural strength of the composite
section. In the specimens FPCE2PS and FPCE2GS, however, the compressive
strain at ultimate reached 0.003, the maximum compressive strain of the
concrete (¢, ), which implies that they reached their flexural strength even

though they showed a horizontal shear failure. Thus, it was confirmed that
appropriate amount of shear stud are also very effective in preventing or
delaying horizontal shear failure for the prestressed composite member.
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Fig. 13 Concrete strain at the extreme top fiber of slab concrete
4. ANALYTICAL STUDY

4.1 Flexural Behavior

The flexural behavior of a prestressed composite beam with a corrugated web can be
easily estimated by the layered analysis model (Kim et al. 2011), as shown in Fig. 14.
In other words, the flexural moment and corresponding curvature can be determined by
assuming the strain in the extreme top fiber of the section (¢,), and calculating the
strain, stress, and corresponding force in each layer while changing the neutral axis
depth until the equilibrium condition of the sectional forces on a cross-section is
satisfied. In this study, the overall moment-curvature relationships of the specimens
were determined by repeating this calculation process for all imposed strains of the
extreme top fiber of the section (¢,) until & reaches ¢,,. The constitutive equation for

concrete proposed by Collins and Mitchell (1991) was adopted for the nonlinear flexural
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analysis in this study, because it was similar to the material curve obtained from test
results. The bilinear model was used for the steel bars and the steel plates for simplicity,
and the modified Ramberg-Osgood model (Mattock 1979) was used for tendons. In
addition, as shown in Fig. 14(b), because the concrete was placed after the
prestressing work, the strains caused by the external load were only considered for the
concrete fiber elements. For the corrugated web, the strains in the corrugated web due
to prestressing were neglected because they are negligibly small due to the accordion
effect. The strains in the flanges and the tendons were calculated by accumulating the
prestrains induced by prestressing and the strain increase after composite with
concrete.

Fig. 15 compares the analysis results with the test results. The initial flexural stiffness
for the non-prestressed specimen, FNCP, was somewhat overestimated, but its overall
flexural response was well-estimated by proposed analysis model. The reason for the
difference in the initial stiffness between analysis and test results is that the specimen
FNCP showed partially composite behavior between the corrugated web and the
concrete as the large cracks formed from the early loading stage, while the fully
composite behavior was assumed in the analysis model.

The prestressed specimens without shear stud, FPCE1P and FPCE2P, have different
tendon layout. The specimen FPCE1P had one draped point, while the specimen
FPCEZ2P had two drape points. The neutral axis of these specimens was located above
the top flange of the steel beam at their maximum load, and they showed drastic
propagation of the horizontal shear cracks because no shear stud was provided. As
shown in Figs. 15(b) and 16(c), the analysis results provided very accurate estimations
of their flexural behaviors until they reached the horizontal shear strength, from which it
can be inferred that higher flexural strengths could have been expected if the horizontal
shear failure was prevented. Figs. 16(a) and 16(b) show the estimated and the
measured tendon stresses for the specimens FPCE1P and FPCE2P, in which the
analysis model estimated the tendon stresses very accurately.

Figs. 15(d) and 15(e) show the comparison of the analysis and the experimental results
for the prestressed specimens with shear studs, FPCE2PS and FPCE2GS. The
analysis results were very close to the test results from the service load behavior to
ultimate strength the specimens. The estimated results of the tendon stresses for these
specimens in Figs. 16(c) and 16(d) also showed a good level of accuracy.
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Fig. 14 Layered analysis model
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4.2 Horizontal Shear Strength

As shown in Fig. 17(a), when the top flange of the steel beam is placed deep inside
the concrete slab, the neutral axis can be located lower than the top flange of the steel
beam. In this case, therefore, shear connector may not be necessary, because the
bond stresses developed in the shear bond perimeter (Mullett 1998), as marked in Fig.
17 (a), can resist the horizontal shear force. When the effective width of a T-shaped
composite section is considerably large and reinforcing bars are provided in the
concrete slab, however, the neutral axis can be located above the top flange of the
steel beam as shown in Fig. 17(b). In such a case, the existing approach adopting the
bond resistance mechanism developed in the shear bond perimeter can estimate
horizontal shear strength of composite beam un-conservatively, because the horizontal
shear failure surface can be developed in a different way, as shown in Figs. 17(b) and
17(c), for instance. Therefore, in this study, three specimens without shear connectors,
i.e, FNCP, FPCE1P and FPCE2P, were designed to have their neutral axes located at
above the top flange of the corrugated steel beam. Because it was difficult to fabricate
the concrete slab as wide as the effective width specified in the design codes
(AASHITO 2004, ACI Committee 318 2005, AISC 2001) due to the limited conditions of
laboratory facilities, the locations of the neutral axis were adjusted by increasing the
amount of the longitudinal compression bars in this study, as shown in Fig. 5(b). As a
result, all three specimens without shear stud showed horizontal shear failures, at
which there were slippages and separations between the concrete slab and the top
flange of the steel beam. The horizontal shear strength of these specimens can be
calculated by summing the shear bond strength developed on the surface of the top

flange of the corrugated steel beam (V,) and the direct shear resistance provided in the
inclined concrete failure surfaces (V,, ), as shown in Figs. 17(b) and 17(c). Thus, the
total horizontal shear strength (V,,) can be expressed, as follows:

Vin =V + Vg = fsbbft Ly + Veir (twLa) (6)
where f, is the average bond strength, and 0.6 MPa is used in this study as suggested
by Mullett. b, is the top flange width of the steel beam, t, is the width of the concrete
failure surface, L, is the length of the concrete failure surface in the longitudinal
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direction of the composite beam, and the shear span length was used for L,. With
regard to the direct shear stress at the failure surface (v, ), various equations have
been proposed (Li and Maekawa 1987, Li et al. 1989, Mattock 2001), as shown in
Table 5. Based on the test results performed in this study, the direct shear strength of
the concrete (V;,) on the failure surface of the specimens was estimated as 6.77 MPa.

The horizontal shear strengths (V,,) of the specimens were calculated by substituting
the direct shear strength equations shown in Table 5, including the direct shear
strength (v, ) of the concrete obtained from the test results performed in this study, into
Eq. (6). These estimated shear strengths are expressed by different types of horizontal
lines in Fig. 14. From the observations on the shear strength prediction equations of

several researchers (Li and Maekawa 1987, Li et al. 1989, Mattock 2001), the design
criteria, and the experiment results of this study, it is considered that the horizontal

shear strength (V,,) of the composite member can be predicted properly by Eq. (6)

adopting the direct shear strength (v, ) of 6.0 MPa. On the other hand, the specimens

with shear connectors, FPCE2GS and FPCE2PS, showed satisfactory horizontal shear
resistances until they reached the flexural capacity. Thus, it is confirmed that the
sufficient horizontal shear strength can be obtained by placing shear studs in
accordance with the design provisions specified in codes (AISC 2001).

Table 5 Horizontal direct shear strength models

Researchers Equations (unit: MPa)
Mattock (2001) Vg, = 0.1/ @
e e 1551 wosst )] | @
AASHTO-LRFD specification (2004) vy, =2.8 (9)
test results in this study v, =6.77° (10)
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5. CONCLUSION

In this study, experiments on the prestressed steel-concrete composite beams with
corrugated webs, which was developed for the application to the long-span structures
with the reduction of floor height, were carried out with the key test parameters of
prestress, tendon layout, shear connector, and welding method. Based on the
experiment and analysis results, the following conclusions were drawn:

1. It is experimentally confirmed that the effective prestress introduced in the top and
bottom flanges, the main flexural resistance components, of the corrugated webbed
steel beams can be very efficiently increased by the accordion effect, which is the
important characteristic of corrugated steel plate.

2. The accordion effect of steel beams with corrugated webs can be estimated by the
simple method based on the concept of the effective moment of inertia and the effective
web area, which is expected to be easily applied to the design of steel beams with
corrugated webs in practice.

3. The flexural behavior model based on a layered analysis accurately estimated the
flexural responses of the prestressed composite beams with corrugated webs by
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properly considering the nonlinearity of materials and the stresses in concrete, tendons,
and steel beams.

4. The test results of the specimen fabricated by the partial welding method, in which
the corrugated webs and the top and bottom flanges were partially welded, showed that
the sufficient flexural performance can be achieved by the partial welding method that
significantly reduces the time and cost for the fabrication of the corrugated webbed
steel beam.

5. The horizontal shear failure modes should be carefully taken into account for the
design of encased composite beams, especially when the neutral axis depth is small,
and the horizontal shear strength can be achieved effectively by the properly designed
shear studs.
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