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ABSTRACT

The steel-concrete composite beams are created from the steel girder, the concrete slab, the shear
connectors, and transverse reinforcement. The shear connectors play an important role in incor-
porating the steel girder and the concrete slab working together as a unity. The existence of the
shear connectors will restrain the relative slip between the steel girder and the concrete slab. This
enhances the load capacity and reduces the vertical deflection of the steel-concrete composite
beams. There are many kinds of shear connectors, such as stud, angle, channel, hoop block, and
T connectors. One of the shear connectors used popularly in the study of the world is perfobond
shear connector. This shear connector is a rectangular steel plate and has holes and steel bars
through the holes. The perfobond shear connectors have been often placed along the steel-
concrete composite beam length at certain distances. In this study, the test program was car-
ried out on three steel-concrete composite beams using perfobond shear connectors to investi-
gate the effect of the shear connection degree and shape of perfobond shear connectors on the
bending behavior of the steel-concrete composite beams. Two steel-concrete composite beams
were attached continuously perfobond shear connectors throughout the length of the beams, and
the remaining one was placed discontinuously perfobond shear connectors. These steel-concrete
composite beams had different numbers of shear connectors and shapes. The parameters evalu-
ated here included the load capacity and the vertical deflection of composite beams. The shear
capacity of perfobond shear connector was obtained from push-out tests. The load capacity of
steel-concrete composite beam with full shear connection degree and partial shear degree were
also determined by the prediction formula to evaluate the reliability of the experiment.

Key words: perfobond shear connector, shear connection degree, shape of perfobond, steel-

concrete composite beam, bending behavior

INTRODUCTION

The steel-concrete composite beams using perfobond
shear connectors have been widely studied around
the world. This shear connector has been considered
a popular connector in the future. The load capac-
ity of perfobond shear connectors has been obtained

=11 and then some authors have

from push-out tests
based on their data to develop into prediction for-
Some authors: P.C.G. da S. Vellasco, L. F.

Costa-Neves, et al. focused on studying T-perfobond

mula?.

shear connectors '>~!° to enhance the mechanical be-
havior of this shear connector. Kun-Soo Kim, et al
studied Y-perfobond subjected to cyclic loading to
verify the effect of cyclic behavior on shear connec-
tion using stubby Y-type perfobond rib shear connec-
tors '°. All studies were carried out on small speci-
mens with push-out tests. These experimental studies
evaluated the effect of parameters on the mechanical
behavior of perfobond shear connectors. The stud-

ied parameters included the compressive strength of
the concrete, the thickness of the concrete slab, the
dimensions of perfobond shear connector, the trans-
verse reinforcement passing through the holes, and
the hole diameter. The concrete used for tests was
normal, lightweight, and high-strength concrete. The
push-out tests for small specimens mainly investigate
the load capacity of perfobond shear connectors, the
relative slip between the steel girder and the concrete
slab, and the failure modes of specimens. Some au-
thors carried out a large-scale specimen to investi-
gate the bending behavior of steel-concrete compos-
ite beams. E.G. Oguejiofor and M.U. Hosain tested
six full-scale beams to evaluate the effect of the num-
ber of perfobond shear connectors, and the number of
transverse reinforcements passing through the holes
on the bending behavior of the steel-concrete com-
posite beam !”. The hole of perfobond shear connec-
tor in this study had the shape of a circle. Gaetano
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Manfredi theoretically studied the ductility of com-
posite beams under negative bending '®. The author
used a refined model to the influence of the proper-
ties of reinforcing steel on the rotational capacity of
composite beams under negative bending and vali-
dated with experimental tests. The shear connectors
used in this study were stud connectors. Jianguo Nie
established a mechanics model based on elastic the-
ory to investigate the stiffness of composite beams
in negative bending regions by considering slips at
the steel beam-concrete slab interface and concrete-
reinforcement interface'”. These results were vali-
dated to three composite beams with profiled sheeting
under negative bending. G. Vasdravellis investigated
the behavior of Six full-scale steel-concrete compos-
ite beams using stud shear connectors subjected to
the combined effects of negative bending and axial
compression?’. In this study, three large-scale steel-
concrete composite beams were carried out to investi-
gate the effect of the shear connection degree and the
shape of the shear connector on the bending behav-
ior of the steel-concrete composite beams. Perfobond
shear connector was used to prevent the relative slip
between the steel girder and the concrete slab. Per-
fobond has the shape of ¥ open holes to place the
transverse reinforcement passing through the holes
easily.

MATERIALS

The steel-concrete composite beams are created from
the steel girder, the concrete slab, the shear connec-
tors, and reinforcements. These components must
be determined the mechanical characteristics before
conducting bending tests.

Concrete

Concrete used in steel-concrete composite beams was
M350. The aggregate gradation is shown in Table 1.
The concrete was cured in 28 days and tested in com-
pliance with TCVN 3118-1993%!. The concrete com-
pressive strength test was carried out at the time of the
bending test. The test results of concrete compressive
strength are shown in Table 2.

Plate, hot-rolled steel, reinforcement
The test result of steel is presented in Table 3.

EXPERIMENT PROGRAM

Specimen

The main components of steel-concrete compos-
ite beams consist of a hot-rolled steel girder, con-
crete slab, perfobond shear connectors, and trans-
verse reinforcements passing through the perfobond

holes. The steel girder was hot-rolled steel of I-
194x150x6x9. The perfobond shear connectors had
athickness of 8 mm, and a shape K with an area of 4490
mm?. The perfobond connectors were welded con-
tinuously along the steel girder length. The hot-rolled
steel used CT3, and the concrete slab had a thickness
of 100 mm, as shown in Figure 1. The number of
perfobond shear connectors in beams was different
to evaluate the effect of shear connection degree on
the bending behavior of the steel-concrete composite
beams. The number of perfobond shear connectors
of beam 1, beam 2, and beam 3 is twenty, fourteen,
and ten shear connectors, respectively. Among three
steel-concrete composite beams, beam 1 and beam 3
have identical shear connector shapes and are differ-
ent from the shear connector of beam 2. The capacity
of each perfobond shear connector was Pgy = 141.42
kN, this value was observed by the push-out test of a
small specimen. There were two reinforcements of 10
mm in diameter passing through the perfobond holes.
The cross-section of steel-concrete composite beams
is shown in Figure 2. The parameters of steel-concrete
composite beams are presented in Table 4. Figure 3 il-
lustrates the image of a steel-concrete composite beam
before concreting.
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Figure 2: Cross section of steel-concrete composite
beam

Test setup

Four-point bending model was used to observe the
bending behavior of the steel-concrete composite
beams, as shown in Figure 4. The load cell with a
load level of 2000 kN was used for the bending test.
The load was transferred through a steel beam. Linear
Variable Displacement Transducers (LVDT) 1, 2, and
3 were used to measure vertical deflection along steel
girder length, as shown in Figure 5. LVDT 4, 5, 6, and
7 were used to measure the relative slip between the
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Table 1: The aggregate gradation for 1 m? concrete

Material component

Holcim cement PCB40 PowerS
Bank sand

Crushed sand

Stone

Water

Addition agent BASF Sky 8735

Unit Quantity
kg 330

kg 495

kg 335

kg 1115
littre 165

kg 33

Table 2: Mechanical characteristics of concrete

Dimensions (mm) Failure load (kN) Compressive strength (MPa)

150x150%x 150 769.5 34.2

150x150x 150 866.3 38.5

150x150x 150 843.8 37.5

150x150x 150 855.0 38.0

150x150x 150 823.5 36.6

150x150%x 150 792.0 35.2

Average value 824.9 36.7
Table 3: The test result of the steel

Specimen Reinf. steel Plate steel Hot-rolled steel

Yield strength fy (MPa) 347 320 284

Ultimate strength fu (MPa) 488 425 389

Elastic modulus E (MPa) 200x 103 200103 200103
Table 4: The parameters of composite beams

Detail Reinf. steel Plate steel Hot-rolled steel

Yield strength fy (MPa) 347 320 284

Ultimate strength fu (MPa) 488 425 389

Elastic modulus E (MPa) 200x 10 200x103 200x103

concrete slab and the steel girder. Strain gauges were
used to measure the strain of the concrete slab and the
steel girder during loading. Figure 6 illustrates the in-
cremental loading process. The applied load was di-
vided into three phrases:

Phase 1: Increasing load from 0 to 40% failure load
(Psnax)> and then repeating 2 times.

Phase 2: Increasing load from 10% Pqx t0 40% Pjax,
and then repeat 25 times. This stage is to eliminate the
adhesive force, friction, and residual strain of testing.
Phase 3: After ending phase 2, increase load from 10%
Pnax to failure load, continue increasing load until the
load remains 90% Pmax, and stop testing.

TEST RESULTS, ANALYSIS, AND
DISCUSS

The capacities and the vertical deflections of beams
are presented in Table 5.

The load capacity

The effect of the shear connection degree

a. Determines the shear connection degree for beam
1 and beam 3.

The plastic axial resistance of the steel girder (class 1):
Npla = Aufy/ga

= [(19.4 - 2x0.9)x0.6 + 2x15x0.9] x28.4/1.0

2395



Science & Technology Development Journal - Engineering and Technology 2025, 7(3):2393-2401

A
_, 730 898 820 £33 820 838 g -
A BE Ao ab alb b ab ab ab abls R g
1148 1148 ;
| 1750 17500 |
| s |
Fig. 1a Beam 1 (S1)
855 858 858 646 %A
; NN i T o — O R T PR
%!H‘EE&INE’W g
| 7D 17500 |
| s |
Fig. 1b Beam 2 (S2)
ala
170 838 2500 I£| 2500 898 2500 88 2500

_1ﬂl|_

dy o .T'.."I__- d '_':.._. _:“' i :.‘ B “o' by ‘_':' ‘ 2 7 T

100,

mlm.sl 250 ‘mal 250 |m.a‘ 2250 |ms|

1940

Figure 1: Steel-concrete composite beams
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Table 5: The bending test results

Figure 4: Model of test

Specimen

Beam 1
Beam 2

Beam 3

Pmax

(kN)
242.22
241.98

226.00

Vertical deflection (mm)

77.97
83.23

78.07
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Figure 3: Steel-concrete composite beam before
concreting

Figure 5: LVDT1, 2, and 3 attached to measure the
vertical deflection of the composite beam
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Figure 6: The incremental loading

=1066.70 kN

The plastic axial resistance of the concrete slab:
N¢f =berrh0.85f /g,
=50%10x0.85%3.67/1.0

=1559.75 kN

Note:

g, = 1.0 Partial safety factor of steel

g. = 1.0 Partial safety factor of concrete

Viny = min (Npla; ch) =1066.70 kN

The number of necessary shear connectors for half
beam:

Ny 3V n/Pry = 1066.70/141.42 = 7.54 (shear connec-
tors).

As shown in Table 6, beam 1, with 20-shear connec-
tors, was considered a full-shear connection beam,
and beam 3 (with 10-shear connectors) was consid-
ered a partial-shear connection beam (66.67%).

The test results show that the capacity of beam 1 only
increases by about 7.17% in comparison with that of
beam 3.

b. Comparising the load capacity from the bending
test with that from the prediction formula.

Beam 1 with full shear connection degree, the height
of the compressive concrete slab is:

Xp1 = Nt/ (bef X 0.85 1) = 1066.70/(50 % 0.85 % 3.67)
=6.84 cm < h. = 10 cm (plastic neutral axis passing
through the concrete slab, as shown in Figure 7).
Mpira = Npiax (ha/2 + he - xp1/2)

=1066.70x (19.4/2 + 10 - 6.84/2)

=15701 kN.cm

=173.66 kN.m

Paxl, pred. = 2Mp1 ra/1.35 = 257.27 kN

Note: value 1.35m is the distance from applied load
and support.

Beam 3 with the partial shear connection degree
(66.67%) can be determined by the prediction for-

mula following:

+red 22
M )

pl.Rd = Mapi.ra + N/Ng (Mpy g = Mapi.ra
With the hot-rolled steel girder I-194x150x6x9 (h,
=194 mm, bf =150 mm, ty =9 mm, t,, = 6 mm), f,
= 28.4 kN/cm?, the plastic moment resistance of the
steel girder equals M; gg = 123.71 kN.m

So, M7 ; py =123.71 + 10/15(157.01 - 123.71)
=157.01 kN.m

and Ppgx3. prea. =2 M7 ) pg/1.35 = 232.61 kN
Where:

Mypi.ra the plastic moment resistance of the steel
girder.

M, ra the plastic moment resistance of the steel-
concrete composite beam.

Mtred pi.Ra the reduced plastic moment resistance of
the steel-concrete composite beam.

Table 7 presents the value of the load capacities of
beam 1 and beam 3 with test results and predic-
tion formula. The deviation of them is rather small.
Arranging many shear connectors compared to the
necessary number of shear connectors does not en-
hance the load capacity of the steel-concrete compos-
ite beams.
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Table 6: The load capacity

Specimen Shear connection degree (%) Pmax Increment
(kN) (%)
Beam 1 100.00 242.22 7.17
Beam 3 66.67 226.00 -
i IDeff
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Figure 7: PNA passing through the concrete slab

Table 7: The load capacity

Spec. Shear connect. de- Pmax
gree (%) (kN)

Beam 1 100.00 242.22

Beam 3 66.67 226.00

Ppred. Deviation
(kN) (%)
257.27 5.84
232.61 2.84

The effect of the shear connection shape

Beam 1 and beam 2 had different shear connector
shapes. The perfobond shear connectors in beam 1
were welded continuously along the steel girder, while
the perfobond shear connectors in beam 2 were short
intervals. There is a difference between these types
of perfobond shear connectors. The load capacity of
beam 1 and beam 2 is nearly the same. This can be
explained by beam 2 with fourteen shear connectors
(with 93.33% full shear connection degree and the
gaps between the perfobond were filled by concrete,
this enhanced the load capacity of beam 2.

The vertical deflection
The effect of the shear connection degree

The vertical deflection of beam 1 and beam 3 are pre-
sented in Table 8. At the mid-span, the vertical de-
flections of each beam at the failure loads are 77.97
mm and 78.07 mm, respectively. However, at the fail-
ure load of beam 3, there is a significant difference in
the vertical deflection between these beams. At this
load level (P4 3), the vertical of beam 1 is only 39.80

mm, and that of beam 3 is 78.07 mm, as presented in
Table 9. This means the vertical deflection of beam
1 equals 50.98% that of beam 3. The vertical deflec-
tions of beams at the other locations along the steel-
concrete composite beams are also plotted in Figure 8.
The test results indicate the effect of the shear con-
nection degree on the vertical deflection of the steel-
concrete composite beams. The higher the shear con-
nection degree is, the smaller the vertical deflection
is. This can be explained by the steel-concrete com-
posite beam with the higher shear connection degree
restricting the relative slip between the hot-rolled steel
girder and the concrete slab. This leads to enhanced
behavior together between the steel girder and con-
crete slab.

The effect of the shear connection shape

The vertical deflections of Beam 1 and Beam 2 at the
failure load are 77.97 mm and 83.23 mm, respectively,
as shown in Table 10 and Figure 9. Similar to the load
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Table 8: The vertical deflection

Spec. Shear connection degree (%) Pmax Vertical deflection (mm)
(kN)
Beam 1 100.00 242.22 77.97
Beam 3 66.67 226.00 78.07
Table 9: The vertical deflection at Pmax,3
Spec. Shear connection degree (%) Pmax Vertical deflection (mm)
(kN)
Beam 1 100.00 226.00 39.80
Beam 3 66.67 226.00 78.07
0
04
;z: -20 4
:% -40 4 1066 ¢ 41066
= \ 39.80 /
5 \\ /!
> \ 4
-60 N / 80 4
\ //
69.37 29
o ey 6033
e -100 : : : T - -
ol T 050 -02L -035L 0 03sL 02l  05L

-05L -02L -0.35L 0 035L 02L 05L

Length of beams

Figure 8: The vertical deflection of Beam 1 & Beam
3 at the failure load of Beam 3 (P,4x.3)

capacity, there is nearly no distinction in the verti-
cal deflection between these steel-concrete composite
beams. At the load failure of Beam 2 (P4 2), the ver-
tical deflection of Beam 1 is smaller than that of Beam
2. However, this distinction is not clear, the vertical
deflection of Beam 1 equals 92.35% the vertical de-
flection of Beam 2, as shown in Figure 10.

Vertical deflection (mm)

-100

-0.35L 0 035L 02L 05L

Length of beams

Figure 9: The vertical deflection of Beam 1 & Beam
2 at the failure load of Beam 1 and Beam 2

Length of beams

Figure 10: The vertical deflection of Beam 1 & Beam
2 at the failure load of Beam 2 (P,,,4x.2)

CONCLUSION

Experimental studies on three steel-concrete compos-
ite beams with different shear connection degrees and
shapes, some suggestions are drawn out as follows:
No need to arrange over-shear connectors for steel-
concrete composite beams with full shear connec-
tion degree. This does not enhance the load capacity
and reduce the vertical deflection of the steel-concrete
composite beams.

The values obtained from test results are rather iden-
tical to those of the predicted formula. The value of
the experiment is reliable.

The shear connection degree affects the load capacity
of the steel-concrete composite beam, conforming to
the formula that determines the load capacity follow-
ing the shear connection degree.

For the steel-concrete composite beam with a full
shear connection degree, the shear connector shape
almost does not affect the bending behavior of the

steel-concrete composite beams.
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Table 10: The vertical deflection at Pmax,2

Spec. Shear connection degree (%)  Pmax Vertical deflection (mm)
(kN)
Beam 1 100 241.98 76.86
Beam 2 100 241.98 83.23
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Panh gia anh huéng cia mic dé lién két khang cat va hinh dang
lién két khang cat dén ung xt uén ctia dam lién hop thép-bé téng

Lé Van Phuéc Nhan' 2", Dinh Thai Hoa3

TOM TAT

Dam lién hop thép-bé tdéng dugc tao thanh ba dam thép, ban bé tong, lién két khang cat va cét
thép. Lién két khang cat dong mdt vai trd quan trong trong viéc hgp nhat dam thép va ban bé
tdbng cung nhau lam viéc chung maét hé. Su tén tai cla lién két khang cat sé ngan can su trugt
tuong doi gilta dam thép va ban bé téng. Diéu nay lam gia tang kha nang chiju tai va lam giam doé
vong cho cac dam lién hgp thép-bé tong. C6 nhiéu loai lién két khang cat dugc st dung, chang
han nhu lién két chét, thép goc, thép U, thép dai moc, thép chir T. Mot trong s6 lién két khang cat
dugc str dung rong rai trong nghién ctu trén thé gidi la lién két khang cét dang perfobond. Lién
két nay la mot tam thép hinh chir nhat cé cac 16 véi cac thanh thép dat ngang qua 6. Lién két
khang cat perfobond thudng dugc dat doc theo chiéu dai dam lién hop thép- bé tong véi khoang
cach nhat dinh. Trong nghién ctu nay, mét chuong trinh thi nghiém dugc thuc hién trén ba mau
dam lién hgp thép-bé tong st dung lién két khang cat perfobond dé danh gia &nh hudng clia muc
do6 lien két va hinh dang cda lién két khang cat [én ting xir udn clia dam lién hop thép-bé tong. Hai
dam lién hop thép-bé tong ducc gan lién két khang cét perfobond mot cach lién tuc sudt chiéu
dai dam, dam con lai dugc gang lién két khang cét perfobond khong lién tuc. Cac dam lién hop
theo-bé tdng nay cé muc do lién két va hinh dang khac nhau. Cac dai lugng can danh gia bao gém
kha ndng chju tai va d6 vong ctia dam. Kha nang chiu cat cta lién két dugc xac dinh thong qua thi
nghiém nén ddy. Kha nang chiu tai clia dam lién hgp thép-bé téng véi muc dé lién két khang cat
toan phan va moét phan cing dugc xac dinh qua cac cong thiic nham danh gia do tin cay cua thi
nghiém.

Tukhoa: lién két khang cét perfobond, miic 36 lién két khang cét, hinh déang ctia perfobond, dam
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