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Abstract

This paper presents a study on the influence of partial shear connection on the behaviour of the U-shaped steel
concrete beams (USCB) with L-shaped shear connectors. An experimental campaign of three full-scale
experimental tests on the USCB with a degree of shear connection ranging from 0.4 to 1 has been conducted under
sagging bending moment. The test results showed high ductility of the USCB with both full and partial shear
connections. The failure mode of the USCB was governed by the plastic buckling of the upper flanges of the U-
shaped steel profile at the location of the shear connectors. The plastic moment resistance of the USCB with partial
shear connection predicted by the full plastic analysis approach and by the simplified approach in Eurocode 4
agreed well with the experimental results. Furthermore, the flexural stiffness of the USCB with partial connections
predicted by American and Australian standards fit well with the experimental results. A numerical model based
on the two-layer beam element formulation taking into account the interlayer slips with continuous connection in
a co-rotational framework was also adapted to determine the behaviour of the USCB. This model was validated
against experimental tests as well as against the analytical approaches. It was finally used to carry out a
parametrical study in order to investigate the effect of selected parameters such as the degree of shear connection,

the concrete strength and the steel strength of U-shaped profile.

Keywords: Partial shear connection, L-shaped shear connector, U-shaped steel concrete beam, Flexural tests under

sagging bending moment, two-layer beam element formulation.

1. Introduction

Over the past years, many forms of composite beams have been proposed in order to achieve the challenging
architectural demand for long-span structures such as bridges and commercial buildings. In the so-called reinforced
concrete beam, the inclusion of embedded steel rebars is needed for withstanding axial tensile stresses from

flexural load whereas the concrete works well to resist to axial compressive stresses. However, the RC beam is not
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efficient for longer spanned and tall structures due to its massive cross-section. The pre-fabricated pre-stressed
concrete beams have been an alternative solution to achieve larger span-to-depth ratios, but their weight makes the
handling expensive. In the same way, the detailing of the anchorage and the specific skills needed to introduce the
tensioning force in the structure make post-tensioning beams complex and expensive. On the other hand, composite
steel-concrete beams can reach suitable span-to-depth ratios while avoiding these inconveniences. Among other
configurations, steel-concrete composite beams incorporating cold-form U-shaped steel profile as a permanent
formwork have been intensively proposed in previous studies [1]-[7]. This new configuration of beams provides
many advantages over traditional reinforced concrete beams such as more ductility, increases in shear capacities,
higher span-to-depth ratio, and reduction in creep and shrinkage. The composite beams are usually composed of a
steel beam, a reinforced concrete beam or slab, and shear connectors. The structural behaviour of the composite
beams depends largely on the shear capacities of the connectors to transfer horizontal shear force between the steel
and the concrete parts of the beams. The shear capacities can be contributed by three main sources at the interface
between the steel and the concrete: chemical bonding, friction (depending on the roughness of the surfaces), and
mechanical shear connection (embossments, ribs or shear connectors). The design of the shear connection can be
categorized as full shear connection or partial shear connection. In the full shear connection design, sufficient
strength is ensured at the steel-concrete interface, allowing the weaker between the concrete and the steel
component to reach its strength. On the other hand, the maximum flexural shear capacity of the composite beams
in the partial shear connection is governed by the failure at the steel-concrete interface before the full capacity of
the steel or concrete beam is reached.

In most cases of medium-to-large span structures, the design is limited by the serviceability limit state
requirements, i.e. the deflection limit. In such cases, the design using partial shear connection is more economical
and preferable to that using full shear connection due to a substantial reduction of the number of shear connectors.
Many studies in the past were conducted to determine the effect of the partial shear connection on the flexural
behaviour of the popular I-shaped steel concrete composite beams with shear studs [8]-[11] and with channel type
connectors [12][13]. Ochlers et al [9] distinguished the difference between the partial interaction and the partial
shear connection and studied the effect of partial interaction on the full-shear connection strength of an I-profile
steel concrete composite beam. On the other hand, Nie et al [11] performed 13 experimental tests on simply
supported steel-concrete composite beams subjected to positive and negative bending moments with the degree of
shear connection ranging from 0.25 to 1.85. By comparing their test results with the calculations based on the
equivalent method provided in Eurocode 4 [14] and AISC [15], it was shown that partial shear connections could
be used in both positive and negative bending regions for continuous composite beams with good accuracy. Baran
and Topkaya [12] were interested in investigating the behaviour of steel-concrete partially composite beams with
channel type shear connectors by performing single point bending tests on four composite beams with various
degrees of connection. It was revealed that major improvement on moment capacity and stiffness was obtained
even for beams with relatively low degree of partial shear connection, and that the moment inertia specified in
AISC [15] specification overestimated the measured flexural stiffness of the beams for all degrees of partial
degrees of connection investigated.

While U-shaped steel-concrete composite beams are considered as an interesting solution for long-span
structures, their behaviour under the effect of partial shear interaction is still not well established. Among the few

studies, Liu et al [6] performed bending tests on ten specimens of rebar stiffened cold-formed U-shaped steel-
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concrete composite beams considering three parameters, among which is the degree of shear connection. The shear
connection in their study was ensured by a rebar truss welded to top flanges of the U profile, shear stud and tensile
reinforcement. It was found out that the ultimate bending capacity of the beams could be calculated according to
Eurocode 4 [14] with the consideration of three modification factors in order to take into account for effective
width of the slab, effective depth of steel web and the actual concrete compressive strength. However, the effect
of partial shear connection on the behaviour of the composite beams itself was not fully investigated, except that
it was grossly concluded that the increase of bending capacity was less than 10 percent by improving the degree
of shear connection. Liu et al [5] studied the flexural behaviour of steel-concrete composite beams consisting of
U-shaped steel girders and angle connectors by conducting four-point bending tests on five specimens with
different connector intervals and installation locations, giving the degrees of shear connection ranging from 0.55
to 1. The results showed that the beam with angle connectors welded to the top flanges performed better than with
angle connectors welded to the interior webs. Furthermore, they found that the ultimate flexural capacity of the
fully composite beams could be reasonably estimated by the calculations following Eurocode 4 [14] and AISC
[15] codes. Acceptable results of the ultimate bending capacity were also obtained for the partially composite

beams using Eurocode 4 [14].

Encased concrete

Precast slab

Shear connector

U-shaped steel
profile

Figure 1: Configuration of U-shaped steel-concrete beams (USCB).

In a previous investigation by the authors [7], a configuration of U-shaped steel-concrete beams (USCB) with
L-shaped shear connectors was proposed. The composite beam is composed of a U-shaped steel profile, precast
and cast-in-place slabs, encased dropdown reinforced concrete beam and L-shaped connectors welded to top
flanges of the U profile, as shown in Figure 1. In this configuration, the L-shaped connectors are fully embedded
in the concrete, being functional also in limiting the uplifts. As the behaviour of this new type of shear connection
is not covered yet in the current norms, the first study on its behaviour and on its force transfer mechanism was
carried out through five asymmetrical push-out tests. The results were used to validate a complete 3D FE model
of the test, which was then used for performing a parametric study in order to propose a design formula to predict
the shear capacity of the shear connectors.

The next phase of the study presented in this article is needed to verify the performance of these shear connectors
in the composite beams under positive bending moment considering partial shear connection. Three full-scale

flexural tests on the USCB with a degree of shear connection ranging from 0.4 to 1 have been performed under
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sagging bending moment in order to determine the moment resisting capacity, the slip distribution along the length
of the beam, the strain distribution in the cross-section, the ductility, and the failure mode. Experimental results
such as the moment resisting capacity and the flexural stiffness were then compared with the values predicted by
different design approaches and standards. A numerical model based on the two-layer beam element formulation
taking into account the interlayer slips with continuous connection in a co-rotational framework was also adopted
to determine the behaviour of the USCB and validated against experimental tests as well as against the analytical
approaches. At last, a parametrical study was carried out in order to investigate the effect of selected parameters

such as the degree of shear connection, the concrete strength and the steel strength of the U-shaped profile.

2. Recall of asymmetrical pushout tests on L-shaped shear connectors in the USCB

A study on the behaviour of L-shaped shear connectors used in the USCB was previously performed by the
authors through five large-scale pushout tests [7]. The tests were to quantify the strength and the deformation
capacities of shear connectors as well as to gain an insight into the force transfer mechanism in the USCB. In the
tests, the specimen was placed horizontally on two vertical supports connected with slotted holes and greased
PTFE plates to allow displacements (see Figure 2). The pushout force was applied through the force jack to one
end of the U-shaped steel beam, whereas the opposite end surface of the concrete slab was put in contact with a
rigid beam that blocked the displacement of the specimen, giving the reaction against the pushout force. A total of
four tests are recalled here. The first specimen denoted by PO-L40 has three connectors with L-shaped section of
40x40x4mm. The last three specimens denoted by PO-L50a, PO-L50b and PO-L50c have three connectors with
L-shaped section of 50x50x5mm. These connectors were welded on the top flanges of the U-profile.

Rigid beams Specimen Force jack

1300

Encased slab

connector

Concrete encasement

Vertical supports

Figure 2: Test setup and specimens in pushout tests [7].

The failure mode of the specimens from the tests were the following. The failure of PO-L40 was governed by
the connector fracture that was associated with the plastic deformation of the connector (see Figure 3a). A similar

failure mode to PO-L40 was observed in the other three specimens PO-L50 (a,b,c) (see. Figure 3b).
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Figure 3: Fracture of the shear connector [7].
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Figure 4: Load-mean slip/Load-mean uplift curves [7].

Figure 4 shows the relation between the push-out load and the mean slip as well as the mean uplift between the
concrete and the steel beams. As observed in PO-L40 and PO-L50 (a, b, c), the L-shaped shear connectors were
ductile and have a sufficient capacity in resisting the vertical separation between the concrete and steel
components, which meets the requirement in the design codes for partial shear connection design [14].

A complete 3D finite element model was also developed and validated against the experimental results. The FE
model was then used to perform a parametric study by evaluating the effect of parameters such as the concrete
strength f., the cross-section of the L-shaped connector, the welded length of the shear connector to the upper
flanges of the profile (L,,), as well as the thickness of concrete slab (H.). Based on the results obtained from the
parametric study, the equation for predicting the shear capacity of one L-shaped shear connector was proposed as
following:
fu
V3

where f,, is the ultimate strength of the connector; A4, Ay, and A, are defined in Figure 5; and K is the calibration

B, = 2(Ag + Asp) + 2K Acfe (1)

factor on concrete strength due to local pressure effect, defined from a regression analysis of the parametric study

by the following expression:
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140 in which, H, and H, are the cross-section height of the L-shaped connector and the thickness of the concrete

slab, respectively.

L-shaped shear connector

Weld

Figure 5: Shear sections and concrete pressure zones [7].

3. Experimental program

145 The present experimental program consists of bending tests on three full-scale specimens under positive bending
moment. The main parameter for the investigation is the degree of shear connection. The first specimen, denoted
by BM-1, was tested under a six-point bending configuration (see Figure 6a). The test on the second specimen was
initially performed using the same configuration as BM-1; however, due to the limited capacity of the force jack,
the maximum load was not reached. The specimen was then tested again but under a four-point bending

150 configuration (Figure 6b). The second specimen is hereby denoted by BM-2(I) for the first phase of loading and
BM-2(I1) for the second phase. The last specimen, denoted by BM-3, was directly loaded with the four-point
bending test.

Applied Applied
force force

~

(a). Six-point configuration. (b). Four-point configuration.

Figure 6: Bending test configurations used.
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3.1 Test specimens

The specimens of the USCB, as illustrated in Figure 8, were composed of a U-shaped steel profile, concrete
pre-cast panels, a reinforced concrete beam encased in the U-shaped steel profile, and L-shaped shear connectors.
The dimensions of the specimens were chosen to conform to the design of the USCB in the AVRIL project. The
information on the project and the design can be found in [16]. The U-shaped steel profile was made of cold formed
steel with a constant thickness of 6 mm and a height of 500 mm. The bottom flange was 300 mm wide, and top
flanges were 100 mm wide. The concrete slab was 200 mm high, and the total height of the USCB specimens is
thus 700 mm. The concrete slab was also reinforced with the rebar mesh ST35, made of HA7 rebars with a spacing
of 10 cm by 30 cm. In addition, the steel reinforcement of the concrete beam consisted of 4 HA16 rebars at the
bottom, and 2 HA12 at the top, with a cover of 40 mm. The spacing of the HAS stirrup, the dimension of the
specimen, and the type and spacing of L-shaped shear connectors were different for each specimen. These details
are provided in Table 1. The L-shaped shear connectors were welded to the upper flange of the U-shaped profile
with the welding length of L,,; = 40 mm and L,,, = 40 mm for specimen BM-1 and L,,; = 40 mm and L,,, =

50 mm for specimens BM-2 and BM-3 (see Figure 7). The weld throat was 3 mm for the three specimens.

Table 1: Different details of each specimen.

Dimensions L-shaped connector
Specimen | Width | Length Stirrup Length | Spacing
Type Quantity
b [mm] | /[mm] [mm)] [mm)]
BM-1 2500 10610 | HA8@430mm | 40x40x4mm 38 380 260
BM-2(])
1500 7790 HA8@350mm | 50x50x5mm 12 380 700
BM-2(II)
BM-3 1500 7790 HA8@220mm | 50x50x5mm 18 380 430

Figure 7: Detail of test specimens.
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Figure 8: Detail of test specimens.

3.2 Material properties

The concrete has a strength class of C25/30 for the encased RC beam and C35/40 for the pre-cast panels. The
concrete characteristics on the day of bending tests were determined on three cylinders samples with dimensions
of 11x22 cm using cylinder concrete tests following the norm NF EN12390-3 [17]. The results of these tests are
reported in Table 2, where f,, and of_ are the mean resistance of the concrete and its standard deviation. The
steel grades of U-shaped steel beam, L-shaped steel profile and steel rebars are S355, S235 and B500B
respectively. For each steel material, a tensile test was carried out following the norm NF EN ISO 6892-1 [18].

The results of these tests are reported in Table 3, in which f,, and f,, are the elastic and ultimate limits, respectively.

Table 2: Properties of the concrete.

RC beam Pre-cast panel
. At 28 days On the test day At 28 days On the test day
Specimen
fem Oferm fem Oferm fem Ofem fem Ofem
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
BM-1 26.03 0.17 27.41 1.53 48.36 1.64 48.89 0.99
BM-2(]) 26.66 0.19 - - 53.53 0.75
26.66 0.19
BM-2(II) 29.99 0.23 - - - -
BM-3 24.65 0.81 29.95 2.56 - - 59.01 0.73

Accepted manuscript / Final version
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Table 3: Properties of the steel elements.

U-shaped profile L-shaped connector Steel rebar
Specimen
f,MPa] | f,[MPa] | f,[MPa] | f,[MPa] | f[MPa] | f,[MPa]
BM-1 412 481 345 471 - -
BM-2(1) 412 481
BM-2(1I) 412 481 343 467 557 627
BM-3 430 540

3.3 Test setup

The test setup was composed of a hydraulic force jack with a capacity of 1500 kN, a system of spreader beams,
guiding columns, a specimen of the USCB, and a supporting system, as illustrated in Figure 9. In the test setup,
the specimen of the USCB was simply supported on two supports. For one of the supports (see detail of support 1
in Figure 9), the rotation and the horizontal displacement were released with a hinge mechanism and with the use
of the PTFE layers, respectively. For the other support (see detail of support 2 in Figure 9), the rotation was
released, while the horizontal displacement was blocked at the upper flanges of the U-shaped steel profile (at the
level of the elastic neutral axis of the composite cross-section). As already explained, the system of spreader beams
had two configurations depending on the configuration of the bending tests (see Figure 10). The transversal

displacement of the specimen was constantly controlled using the four guiding columns.

Rigid frame Specimen

i

i

PTFE plate

Specimen
Support 1
Restraint of PTFE layers
& longitudinal
‘ displ t
isplacemen Pin

Guiding column

Specimen

Figure 9: Test setup.



200

205

210

215

(b). Four-point bending test

(a). Six-point bending test
Figure 10: Photos of test setups.

The degree of shear connection can be defined as the ratio of the total shear capacity of the shear connectors to

the yield capacity of the steel beam:
_ np
Asf y,U

where P, is the ultimate resistance of one L-shaped shear connector, as being recalled in Section 2; A is the area

n (3)

section of the U-shaped steel profile; f,, ; is the yield limit of the U-shaped steel profile; n is the number of shear
connectors placed in the USCB on the critical length [.,.. The critical length is defined by a distance between zero
and maximum bending moment points (see Figure 6 and Figure 10). The values of the degree of shear connection
and of the critical length are given in Table 4 for each test. Since two configurations were used in the second test,

two values of the degree of shear connection are defined.

Table 4: Degree of shear connection of the bending tests.

) Total Span [ Critical length [, Degree of
Specimen X; [mm] X, [mm] )
[mm)] [mm] connection 1)
BM-1 10610 2460 2100 4560 1.14
BM-2(I) 1060 2100 3160 0.5
BM-2(1I) 7790 2845 - 2845 0.41
BM-3 2845 - 2845 0.55

3.4 Loading procedure and instrumentation

The specimens were tested by applying a vertical load monotonically through the force jack with the system of
spreader beams. For tests BM-1 and BM-2, the loading was split into three phases. In the first phase, two cycles
of loading between zero and an estimated value of the load at serviceability limit state loading were applied. In the
second phase, two more cycles of loading between zero and an estimated value of ultimate limit state loading were
carried out. In the final phase, the loading was reapplied up to the failure of the specimen. For the test BM-3, the
specimen was subjected to 25 cycles of loading between 5 kN and an estimated value of serviceability limit state
loading, and 2 cycles of loading between 5 kN and an estimated value of ultimate limit state loading before loading

incrementally up to failure.



To measure the deflection of the USCB, five LVDT sensors and one laser sensor (see Figure 11a) were installed
along the length of the specimen. The laser sensor was placed at mid-span of the beam. The distribution of the
slips between the steel and the concrete along the specimen was obtained by 8 horizontal LVDT sensors in the test

220 BM-1 and by 16 horizontal sensors in tests BM-2 and BM-3. The sensors were fixed to the top flanges of the U-

shaped profile, whereas the base was fixed onto the concrete slab, as illustrated in Figure 11b.

Specimen Concrete slab

NORE NS Base fixed on

I FLEXION POSITIVE 4 concrete
M y
PIGGY BEAM

Laser sensor U Steel profile

LVDT sensor fixed on

LVDT sensor top flangfes of U
profile

(a). Vertical sensor (b). Horizontal sensor

Figure 11: Vertical sensors and horizontal sensors.

Furthermore, the distribution of the deformations on the composite cross-section at midspan was determined by
225 19 strain gauges. 7 strain gauges were placed on the concrete, another 6 strain gauges were located on the U-shaped

steel profile, and the other 6 were positioned on the rebars (see Figure 12).

¥
e e e e 1 I—___-___
[} I
[} I
== Gauges on U-shaped profile
] Gauges on rebars
i ]
== Gauges on concrete
]
L o)
E———

Figure 12: Strain gauges on the composite cross-section.

In addition to the analogue measurements, high-resolution photo cameras were also installed for a Digital Image

230 Correlation analysis (DIC) on the zones indicated in Figure 13. In the side zones, the U-shaped steel profile was
drilled with 10 circular openings of 20 mm in diameter, and small marks were glued on the concrete surface inside

the opening and on the U-shaped profile next to it. A series of photos of these marks were captured during the

course of the test at each increment of loading. After the tests, the photos were processed in order to obtain the

11
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relative displacement of these marks, i.e. the slips between the steel and the concrete, using GOM Correlate

Professional 2016 [19].

3 Central zone
{11 [T [T} side zone
NI - NI -
u | L
I eso | il
! L/2

3.5 Test results

Side zone

Central zone

Figure 13: Zones of DIC measurement.

3.5.1 Moment-deflection responses and modes of failure

Figure 14 shows the moment-deflection curve at the mid-span of the specimen for the three tests. For test BM-

1, a large value of the mid-span deflection superior than one fiftieth of the total span was obtained, showing the

high ductility of the USCB in the case of full shear connection. In this test, a complete failure of the specimen was

not however attained as the test was stopped when the verticality of the axis of the force jack was no longer ensured

due to the nonlinear effects caused by the large deflections of the specimen. Figure 15 shows the deformed

configuration of specimen BM-1 after the test.

Bending moment [kN.m]

Deflection at mid-span [mm]

Figure 14: Moment-deflection curves.
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Figure 15: Photo of the specimen BM-1 after the test.

250 In the test BM-2, it can be seen from the figure that the maximum value of the moment in the second phase of
loading was lower than that in the first phase. The behavior of the test BM-2 was a lot less ductile than that of the
test BM-3.

The failure mode of the two specimens (BM-2 and BM-3, cases with partial shear connection) was governed
by the plastic buckling of the upper flanges of the U-shaped steel profile at the location of the shear connectors, as

255 being shown in Figure 16 and Figure 17a. This plastic buckling was provoked by localized shear forces in
combination with the rotation of the beam induced by the flexural load, which could be observed more prominently
at the locations of larger bending moment. This plastic buckling was accompanied by the transverse concrete

cracks at the location of the connectors (see Figure 17b).

260 Figure 16: Plastic buckling of the upper flanges of the U-shaped steel profile at locations of shear connectors.

(a). Plastic buckling. (b). Concrete cracks.

Figure 17: (a). Plastic buckling of the upper flange. (b). Concrete cracks at the location of shear connectors.

13



3.5.2 Steel-concrete slip behaviour
A.  Slip distribution along the USCB length

265 Deduced from the horizontal sensors, the slips between the steel and the concrete beams at the top flange of the
U-shaped profile along the beam axis are illustrated in Figure 18 for tests BM-1. The maximum bending moment
M,, obtained in this test is 1915 kN.m. It can be seen from the figure that the maximum slip was around 2 mm,
which is smaller than the ultimate slip (around 3 to 5 mm) of L-shaped shear connectors type L50 obtained from

the pushout tests.

Slip [mm]
o 4 6 0 ¢4
K

4 6 8 10
270 Position along the beam [m]

Figure 18: Distribution of slips along the beam axis in test BM-1.

Figure 19 and Figure 20 show the slip distribution along the beam axis for tests BM-2 and BM-3 at different
load levels, respectively. It should be noted that the negative sign in the legends represent the descendent part of
the bending moment-rotation curves after the peak. The maximum bending moments M,, obtained in tests BM-

275 2(I), BM-2(II) and BM-3 are 1709 kN.m, 1600 kN.m and 1720 kN.m, respectively. The distribution of the slips in
the test BM-2(II) became noticeably asymmetric after the moment reached 097M,,. From the figures, the maximum
slips for test BM-2 and BM-3 exceeded the value of 15 mm, being quite larger than the ultimate slip (around 3 to

5 mm) of L-shaped connector type L50 obtained from pushout tests.

280
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Slip [mm]

Slip [mm]

Slip [mm]

049 M,
0.61 M,
0.74 M,
0.86 M,
0.92 M,
0.98 M,
1.00 M,

Position along the beam [m]

(a). Test BM-2(I).

0.69 M,
0.79 M,
0.88 M,
0.97 M,
1.00 M,
-0.97 M,
-0.88 M,
-0.79 M,
-0.70 M,

Position along the beam [m]

(b). Test BM-2(II).

Figure 19: Distribution of slips along the beam axis in tests BM-2.

0.72 M,
0.89 M,
0.91 M,
1.00 M,
-0.93 M,
-0.89 M,
-0.85 M,

Position along the beam [m]

Figure 20: Distribution of slips along the beam axis in test BM-3.
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B.  Slip distribution along the cross-section depth of the USCB

The DIC analysis of the side zone (see Figure 13) allowed to determine the slip distribution between the steel
and the concrete on the cross-section of the USCB. The numbering of the points where slips were measured is
described in Figure 21. The evolution of the slips on the height of the cross-section is illustrated in Figure 22 for
tests BM-2(II) and BM-3. It can be seen from the figure that the slips were almost constant on the height of the
cross-section of the U-shaped steel profile for the tests with partial shear connection. This confirms that curvatures

of the steel and of the concrete are nearly equal.
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Figure 22: Evolution of slips along the height of the cross-section in function of the bending moment.
C. Strain distribution over the cross-section depth of the USCB

In order to measure the distribution of the strains along the cross-section depth of the USCB, a number of strain
gauges were installed on the cross-section (steel U-shaped profile, steel reinforcement and the concrete) as shown
in Figure 12. The strain distribution for test BM-1 is described in Figure 23. In this test, the results from the strain
gauges on the top surface of the precast concrete, on the steel rebars, and on the top flange of the U-shaped profile
were not available. However, the strain distribution for this test in the case of full shear connection seems to be
almost linear and continuous from the steel to the concrete cross-section. This result confirms the hypothesis of

full shear connection with insignificant effects of the slips between the two cross-sections.
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Figure 23: Strain distribution on the cross-section of the USCB for test BM-1.
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Figure 24: Strain distribution on the cross-section of the USCB for test BM-2(1).
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Figure 25: Strain distribution on the cross-section of the USCB for test BM-3.
Figure 24 and Figure 25 illustrate the strain distribution over the cross-section of the USCB for test BM-2(I)
and BM-3, respectively. The discontinuity between the strains in the cross-section of the concrete slab and those
in the U-shaped steel profile caused by the partial interaction is easily visible for the case of test BM-2(1). It is less

intuitive for test BM-3, as the results from the strain gauges on the bottom surfaces of the concrete panels were

not available.
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4. Design approach for the USCB in partial shear connection

The slips occurring at the steel-concrete interface of the USCB due to the partial shear connection provided by
the mechanical shear connectors can have substantial effects on the flexural stiffness and the bearing capacity of
the composite beams. In this section, the existing design approaches in the current norms taking into account the
partial shear connection are investigated with regard to the new configuration of the USCB. The results are then

validated against the experimental results presented in Section 3.

4.1.1 Ultimate flexural bearing capacity

The flexural bearing capacity of the USCB can be computed using the plastic analysis method and taking into
account the effect of the partial shear connection. Two approaches are investigated in this section. The first
approach was initially proposed by Chen et al [4] for a new type of checkered steel-encased concrete composite
beam. The second approach is the simplified method provided by Eurocode 4 [14] with a linear assumption based

on the bearing capacity with full shear connection and without shear connection.
A. Full plastic analysis approach

The approach presented herein is based on the method proposed by Chen et al [4], adjusted to apply to the
configuration of the USCB. It includes the relative slips between the concrete and the steel. The slips are assumed
constant over the depth of the cross-section of the U-shaped profile, as can be seen in Figure 26. These slips give
rise to two different positions of the plastic neutral axis (PNA) of the concrete (x) and of the steel (y). This

generates three different cases for determining the bearing capacity :

— Case 1 occurs when the PNA of the concrete is found in the concrete slab and the PNA of the steel is in
the web of the U-shaped profile (see Figure 27).

— Case 2 happens when the PNA of the concrete is in the concrete slab and the PNA of the steel is in the
top flange of the U-shaped profile (see Figure 27).

— Case 3 comes about when the PNA of the concrete is in the U-shaped profile and the PNA of the steel is
in the web of the U-shaped profile (see Figure 28). The case in which the PNA of the concrete is in the
U-shaped profile and the PNA of the steel is in the top flange of the U-shaped profile is rare and not

considered for the sake of simplicity.

Strains

7 —— Concrete beam

—— Steel element

Figure 26: Strain on the cross-section of the USCB.
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The plastic equilibrium in the composite cross-section relies largely on the degree of shear connection 7. The

longitudinal shear force in the case of partial connection can be defined in relation to the degree of shear connection

350  as:
Vig =nVi4 “
where V), ; is the longitudinal shear force in the case of full shear connection, defined by:
—_— { Asufyu , if. z<H, )
(AS,U - ZAS,U)fy,U lf VA 2 HC

In which A ; is the cross-section area of the U-shaped profile for the compressive part. z is the neutral axis of the

eff A'; S7

composite section in full connection.

N
H.
A R
ASR

~
$2
N
b, b b,
355 Figure 29: Parameters of the geometry of the cross-section.
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The equilibrium on the composite cross-section can be decomposed into the equilibrium in the concrete cross-
section and that in the steel cross-section with the load transfer mechanism by the shear connectors. The
equilibrium equations of the concrete cross-section can be used to compute the position of the neutral axis of the
concrete section. Two cases exist :

- x < H_ (see Figure 27):
begx0.85f ¢4 + A’s,Rfy,R = As,Rfy,R + Vl,n (6)

which gives

X = _A’s,Rfy,R + Vl,r] + As,Rfy,R (7)
be0.85fcq

— x = H_ (see Figure 28):
(beff - b)HCO-SSde + 0-85fcd(b - Zt)x + A’s,Rfy,R = As,Rfy,R + Vl,n (8)

which gives

X = _(beff - b)Hco-szcd - A’s,Rfy,R + Vl,n + As,Rfy,R

)
bet0.85f 4

where by is the effective width of the concrete block (see Figure 29), determined according to Eurocode 4 [14].
H, and b are the height of the concrete slab and the width of the bottom flange of the U-shaped steel profile,
respectively. f4 is the design value of the compressive strength of the concrete and Chen et al [4] limit the stress
in concrete to 0.85f,,. f, r is the design value of the yield limit of the steel rebars. A's r and A,y are the top and

bottom cross-section areas of the rebars, respectively.

The equilibrium equation on the steel cross-section can be written as:

(AS,U - AIS,U)fy,U = Als,Ufy,U + Vl,n (10)

where A’y is the cross-section area of the U-shaped profile for the compressive part, which can be deduced from

Eq. (10) as:

As Ufy U~ Vl n
AI — ’ ’ y
s,U ny’U (l 1)
Subsequently, the position of the PNA of the steel element can be determined as following:
AI
y = 2;” if y<t
o (12)
_ A S,U - Zblt f > t
= ot if y=

where t and b, are the thickness of the U-shaped profile and the width of the top flange of the U-shaped steel
profile, respectively (see Figure 29).

Finally, the ultimate bending resistance of the USCB in partial shear connection (Mp;gq) can be determined

according to the cases as following:

— Casel(y=tandx < H,)
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, X t x y x
Mpl,Rd,n = A s,Rfy,R (E - 51) - thlfy,U (Hc + E - E) - Zty}cy,U (E + H, — E)

H; +y X
+ 20f, 0 (Hy =) (S + He =3 ) (13)

X
X

t
+ (b = 20)tf,y (HS —3 +H >

) + As,Rfy,R (Hs +H, - ; - 52)

where H, s; and s, are defined in Figure 29.

— Case2(y<tandx < H,)

, x
Mpiran = A'srfyr (E - 51) = 2(by +)yfyu

t+y x
420y + Ofy (= 9) (2 + He =) + 26, (O,
14
H, X t X (14)
~20) (7 +H, - E) +btf,y (Hs o+ H - E) + Agfyn (Hy
x
+H =5 =5)
— Case3(y=tandx > H,)
' t y
Mpl,Rd,n =—4 s,Rfy,R - thlfy,U (Hc + E) - Ztyfy,U (E + Hc)
Hy, vy t
+ 2tfyy(Hs — y) S 5t H )+ (b —20)tfyy (Hs + H, — 3
(15)

0.85f.4(bess — b + 2t)H?
2

+ As,Rfy,R (Hs + Hc - SZ)

0.85f,4(b — 2t)x?
2

B.  Simplified approach by Eurocode 4

The approach provided by Eurocode 4 [14] adopts the rigid plastic theory for determining the ultimate bearing
capacity of the composite beam with full shear connection. In this case, the PNA of the composite cross-section is
assumed to locate in the concrete slab. In the case of partial shear connection, Eurocode 4 [14] proposes a linear

simplification as following:

My ran = Mpirao + (Mpl,Rd,l - Mpz,Rd,o)U (16)

where M, g4 1 is the ultimate bearing capacity of the composite beam with full shear connection. M, pq is the
ultimate bearing capacity of the composite beam with zero shear connection. For conventional composite beams,

i.e. I-profile steel composite beam, My, p4 o can be taken equal to the plastic bending resistance of the steel beam.
However, in the case of the USCB, the concrete contribution cannot be neglected. Consequently, M, 4, is the
combination of the plastic bending resistance of the steel beam (Mpl‘Rd‘U) and the ultimate bending resistance of

the concrete beam (Mpz,Rd,Rc), which is defined as following:
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Myira0 = Myiray + Myirare (17)

The computation of My, gy pc and My, pq ; can be done following the design formulations provided in Eurocode

2 [20] and in Eurocode 3 [21], respectively.
C. Comparison between the experiment and the design approaches

The experimental results are used to evaluate the two design approaches. By adopting the empiric approach

proposed by Aribert and Alain [22] to the moment-rotation curves in Figure 14, the ultimate bending capacities

(M ra,y) for test BM-1, BM-2(I), BM-2(II) and BM-3 are 1887 kN.m, 1709 kN.m, 1600 kN.m and 1578 kN.m,
respectively. In order to be able to compare the results, the values of M, g4, are normalized with the ultimate

bending capacities with full shear connection (M,,; g4 1) and presented in function of the degree of shear connection

in Figure 30. As can be seen from this figure, the values obtained from the full plastic analysis approach agree well
with the experimental results obtained from tests BM-1 and BM-3. However, some difference is obtained when
compared with the tests BM-2(I) and BM-2(II). This might be due to the inaccurate calculation of the real degree
of shear connection of the tests. In test BM-2, the actual degree of shear connection is indeed higher, as the friction
between the steel and the concrete was not reduced by the so-called initial 25-cycle loading/unloading procedure
prior to the monotonic loading to collapse, as having been done in test BM-3. In the case of test BM-1, this initial

cycle loading procedure did not influence the resistance as full shear connection was achieved.

It can be concluded at this point that both design approaches presented here seem applicable for determining
the ultimate bending capacity of the USCB; however, the full-plastic analysis approach gives more accurate results

than the simplified approach provided in Eurocode 4 [14] when compared to the experimental results.
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Figure 30: Normalized ultimate bending capacity of the USCB as a function of the degree of shear connection.

4.1.2 Flexural stiffness of the USCB

An accurate computation procedure of the deflection is needed in order to verify the requirements in
serviceability limit states. For composite beams, noticeable differences exist between standards. It is indicated that
the degree of shear connection can have an impact on the elastic flexural stiffness in some norms [23][24][25],

whereas Eurocode 4 [14] neglects it when the degree of shear connection is superior to 0.5.
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The British standard [23] provides the following expression for computing the deflection of the composite

P
5n=51<1+05(1—n)(§g> (18)
1

where &, and §; are the deflections of the USCB in the case of full shear connection and in the case of zero shear

beams:

connection, respectively. Based on Eq. (18), Ban and Bradford [26] wrote the expression of the moment of inertia

of the composite cross-section (I, ) in function of the degree of shear connection as following:

21,1,
(T+mIy+ @ -l

I (19)

effn =

where I; and [, are the moments of inertia of cross-section of the composite beam in the case of full shear

connection and in the case of zero shear connection, respectively. The American design standard AISC 360-05

[24] gives another expression for the moment of inertia as below:

Ly = (o + /n(1; = 1)) (20)

Furthermore, the Australian standard AS 2327.1 [25] imposes another expression for computing the moment of

inertia of composite beams, as described below:
Legty = Ip +0.6(1 —n)(Iy — Io) 2

In order to compare the results obtained from the various expressions from the different standards with the

experimental results, it is needed to determine the value of the bending moment at the SLS in the quasi-permanent

combination (Mg, ), which is defined here as following:

MSLS,n = kMpl,Rd,n (22)

where k is a reduction coefficient, being the ratio between the value from the load combination at serviceability
limit state (quasi permanent) and the one at ultimate limit state. As indicated in Eurocode 0 [27], the load

combinations for SLS-quasi permanent and for ULS are given as:

pSLS—quasi =G+ 03Q (23)

with G and Q, being the permanent and variable actions, respectively. In the case of the present study, a 60-40
distribution between the permanent and variable actions is assumed, giving the following relation:
G 60

5 =% (25)
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By inserting Eq. (25) into Egs. (23) and (24), the coefficient k can be determined as

pS LS—quasi
fo= e

= 0.51 (26)

PuLs

Consequently, the values of Mg, for test BM-1, BM-2(I) and BM-3 are 970 kN.m, 903 kN.m and 913 kN.m,

respectively. The deflection corresponding to the value of Mg, in the experimental tests can then be deduced

from the moment-deflection curves (see Figure 14).

Figure 31 illustrates the comparison of the normalized deflection curves obtained from the different standards
with the results obtained from the experimental tests, corresponding to the value of Mg, . It can be seen from the

figure that the curves obtained from the Australian standard and from the American standard fit best to the
experimental results. Table 5 provides margins of errors of the results estimated by different standards compared
to the experimental results. Consequently, it can be concluded that the American and Australian standards are
suitable for computing the flexural stiffness of the USCB with partial shear connection. The British standard seems

to underestimate while the European standard appears to overestimate the flexural stiffness.
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Figure 31: Normalized deflection curves in function of the degree of shear connection.

Table 5: Margins of errors of the results estimated by different standards compared to the experimental results.

Test

n

American standard

British standard

Australian standard

European standard

BM-1

1.14

0.01

0.01

0.01

0.01

BM-2(I)

0.5

0.06

0.4

0.07

0.2

BM-3

0.55

0.08

0.4

0.09

0.15

455

5. Numerical investigation

Nguyen [28] developed finite element formulations to determine the response of steel-concrete composite
beams with discrete and continuous partial interactions, taking into account the material nonlinearity. However,
the account for large displacements was not included. For the large-displacement analysis of steel-concrete
composite beams, a good amount of research has been devoted to the development of beam models taking into
account the interlayer slips [29]-[31] in the co-rotational framework. Battini et al [29] adopted the Bernoulli’s
assumption (plane sections remain plane) and the local formulation based on the exact solution of the governing

equations for the composite beam with deformable shear connection. The use of the analytical local stiffness matrix
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in their formulation permits to avoid the curvature locking that is usually encountered with low order polynomial
finite elements, particularly for short elements with stiff shear connection. Keo et al [30] further extended the
model for large displacement analysis of hybrid steel-concrete beam/column with several encased steel profiles.
On the other hand, Hjiaj et al [31] took into account the transverse shear deformation of the layers of the composite
beams by assuming that each layer of the composite beam behaved as a Timoshenko beam element. Assuming a
continuously connected and partial interaction, a continuous relationship between the longitudinal shear flow and
the corresponding slip at the interface between the layers was considered. The exact local stiffness derived from
the closed-form solution of the governing equations of a two-layer beam was used to avoid the curvature and shear

locking phenomena.

In this paper, in order to analyze the behavior of the USCB, the two-layer beam element formulation taking into
account the interlayer slips with continuous connection is adopted. We adopt the governing equations of the local
linear element described by Nguyen [28] and the kinematics in the co-rotational framework presented by Battini

et al [29].

5.1 Local linear element

In this section, the field equations for a two-layered beam element with partial shear interaction are recalled.
The concrete and the U-shaped profile are assumed to deform according to Bernoulli’s assumption (plane sections

remain plane). The interlayer connection is assumed to be continuously distributed.

N s s s 0 A .

3
\J

dx

Figure 32: Free body diagram of a two-layer beam on an infinitesimal segment.
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The equilibrium equations are derived by considering an infinitesimal beam segment at an arbitrary position x

(see Figure 32) and are given as following:
oD — 9;.Dse — P, =0 27

where D =[Ny N, M]";M = Mg+ M,; P, =[0 0 p,]" and the operators 0 and dy, are defined by

d 0 0
dx
d
d2
0 O )

in which h is the distance between the elastic centroids of the layers cross-sections.

The U-shaped profile and the concrete are assumed to have the same transverse displacement, neglecting the
uplift between the two members. Therefore, the rotation of the U-shaped and that of the concrete are the same,
meaning that the slip is constant on the height of the cross-section. Under Bernoulli’s assumption, the axial

deformations (&; and €.) and the curvature k are related to the beam displacements (see Figure 33) by :

dd—e=0 (28)
9, d—g=0 (29)

whered = [Us Uc V]T is the displacement vectorand e = [€s & K]T is the deformation vector. The slip can

also be computed by
g =u,—uz;—hé (30)

In order to avoid curvature locking in the two nodes beam elements, 10 degrees of freedom are considered as
presented in Figure 34. Thus, an extra procedure is needed to obtain a tangent operator consistent with the co-
rotational formulation, due to the intermediate nodes. The polynomial cubic function (Hermitiens) is used to
approach the transversal displacement, whereas the linear function is adopted to approximate the axial

displacements.

-

Figure 33: Kinematics of the composite beam.
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Figure 34: Local structural member.

5.2 Kinematics

The structural member consists of two sub-elements: a structural U-shaped steel profile (denoted by subscript
“s”) and a reinforced concrete beam (denoted by subscript “c”), as illustrated in Figure 35. The co-rotational
framework is applied to the structural member. The origin of the co-rotational frame is taken at node s, located at
the centroid of the cross-section of the U-shaped steel. The x;-axis of the local coordinate system is defined by the

line connecting node s; to node s,.

Figure 35: Co-rotational kinematic: displacements and rotations.

The y;-axis is orthogonal to the x;-axis so that the result is right hand-sided orthogonal coordinate system. The
motion of the element from the original undeformed configuration to the actual deformed configuration can be
separated into two parts. The first one, which corresponds to rigid motion of the local frame, is the translation of
node s; and the rotation a of the x;-axis (see Figure 35). The second one refers to the deformations in the co-

rotating element frame.
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520 The vectors of global and local displacements are respectively defined by:

Py=[uq v 61 g1 Uz v, 6; gol" (31)

Pi=ltiy Gy 7 0 Gy Hmp U, 6] (32)
Based on the definition of the co-rotating frame, the components of the local displacements P, are determined

as following:

e =0 (33)

7 =0 (34)

7, =0 (35)

U =l — 1 (36)
0,=6,—a (37)
0,=6,—a (38)

Ugy = g1 — hyby (39)
Ugy = Jp + Uy — 0, (40)

where the local slips are defined in function of the global slips (see Figure 36) by:

g1 = g1 cos 9_1 (41)
g2 = g, cos 9_2 (42)

525 Figure 36: Local structural member.

5.3 Material models

An integration of the appropriate uniaxial constitutive model over each cross-section of the composite beam is

needed to obtain the constitutive relationships of the section. A multi-fiber approach is adopted in order to integrate
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the non-homogeneity of the concrete cross-section. The discretization of the cross-section is illustrated in Figure

37.

N
1 layer for 1 layer for
4 layers for
concrete slab [ top flange [ top flange
10 layers for 10 layers for 10 layers for
web web

concrete drop

| | S

1 layer for bottom |
flange

(a). Concrete section. (b). Steel section.

Figure 37: Discretization of the cross-section.

The steel materials are modeled by an elastic-perfectly-plastic model, as illustrated in Figure 38a for U-shaped
steel and Figure 38b for steel rebars. For the concrete material, the uniaxial constitutive relation is constructed
from the stress-strain curve (see Figure 38c) provided by EN 1992-1-1 [20] and applied in the plasticity framework.

Regarding the behavior of the connector, we adopted a nonlinear force-slip relation as following:

P =P,(1—e2") (43)

where § is the slip in mm and P, is the resistance of the connector defined by Eq. (1). The expression of Eq. (43)
is obtained from a calibration of the mean curve of the force-slip curves for test PO-L50a, PO-L50b and PO-L50c

in Figure 4.

Jou fix fea

&U EuU

8)',R EuR €a1

(a). U-steel element R
(b). Rebars (c). Concrete

Figure 38: Stress-strain curves for material modeling.

5.4 Validation of the numerical model

5.4.1 Validation against experimental results

In order to validate the numerical model, the actual material properties and the geometry of the USCB in the
flexural tests (see section 3) were used in the numerical applications of the model. In the model, only a half of the
beam length is considered while applying a symmetrical condition to one end of the beam to save the calculation

time, with the loading and boundary conditions as illustrated in Figure 39 . The beam is discretized into 11 elements
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along the length with an element size of approximately 50 cm for the case of test BM-1 or 8 elements with an
element size of approximately 50 cm for the case of test BM-3. The case of test BM-2 is not considered in this

validation due to the complication caused by the change of loading configuration.

IR

Figure 39: Loading and boundary conditions for the validation cases against experimental tests.

Figure 40 shows the comparison of moment-midspan displacement curves obtained from the experimental tests
and from the numerical model. It can be seen from the figure that a good agreement between the two results was
achieved for both experimental tests.

Figure 41 illustrates the comparison of slip distributions along the beam axis obtained from the experimental
tests and from the numerical model for different levels of bending moment. M,, is the maximum force obtained
from the flexural tests (M,, = 1915 kKN. m for BM-1 and M,, = 1720 kN. m for BM-3). It can be observed that the
slip distributions agree well between the results obtained from numerical model and from experiments for both
cases (BM-1 and BM-3) until a load level of 80% of M,,. At the load level close to M,,, the difference between the
two results become noticeable. However, when looking at the moment-slip curves (see Figure 42) for the slips at

the extremities of the beams, the two curves correlate closely.
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Figure 41: Comparison of slip distributions along the beam length.
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Figure 42: Comparison of moment-slip curves at the extremity of the beam.

5.4.2 Extension of the validation of the analytical models

Once validated against the experimental results, the numerical model is used to compute in new configurations,
in order to give more information over the consistency of the analytical models presented in section 4 for the
definition of the resistance and of the bending stiffness of the USCB.

For the validation, two typical cases of beam span, i.e. 10 m and 20 m, are considered. For each case, two
sections are chosen in order to cover the case where the neutral axis is found in the concrete slab and the one where
the neutral axis is found in the concrete beam drop. All the four cases of the cross-section (P1-a, P1-b, P2-a and
P2-b) are given in Figure 43 and Figure 44. The loading and boundary conditions are the same as presented in

Figure 39.

77T 200 | ] ~
- 26 T~ 226
y 804 7 1204
500 A : 500
416 75 6 85
100 300 100 75 300 75
(a). Section P1-a. (b). Section P1-b.

Figure 43: Beam sections for a span of 10 m.
As the analytical approaches do not include the hardening effect of the materials, the elastic perfectly plastic
constitutive relationship is used for steel elements in the numerical model. The properties for each material are

given in Table 6.
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Figure 44: Beam sections for a span of 20 m.

Table 6: Properties for each material.
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(b). Section P2-b.

U-shaped steel Rebars Concrete
fyu [MPa] Ey [MPa] fy,r [MPa] Er [MPa] fem [MPa] E. [MPa]
235 210 000 435 210 000 16.67 25 645

The behaviour of the connector is modelled by the relationship provided in Eq. (43). In order to cover different

values of the degree of shear connection, the resistance of the shear connection per linear meter is determined as

follow:

Pn.ra =

n P, =

n_'
l/2

(44)

where 7 is the degree of connection, taken between 0.5 and 1. V; ; is computed following Eq. (5). n; is the number

of shear connectors per meter length.
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Figure 45: Comparison between the results obtained from analytical approach and from numerical model.

Figure 45 provides the comparison between the results of the bending moment capacity in function of the degree
of shear connection (in a range between 0.5 and 1) obtained from the analytical approach adopted from Chen et al
[4] and from the numerical model for each case of the study. It can be observed from the figure that a good
agreement is obtained. The maximum difference for all the cases is six percent.

For each case, a ratio between the deflection of the beam with partial shear connection (§;) and the deflection

of the beam with full shear connection (6,) is also computed using the analytical approaches of different norms
(see Section 4.1.2) and using the numerical model at the serviceability load level (see Eq. (22)). Figure 46 shows
the comparison of the evolution of the deflections in function of the degree of shear connection obtained from
analytical approaches and from numerical model for each case of the study. In most of the cases, the ratios between
the deflections obtained from the numerical model are smaller than the ones computed from the different
approaches. The maximum difference between the results obtained from the British, the American and the
Australian standards compared to the ones obtained from the numerical model are 35 percent, 7.5 percent and 8.5
percent, respectively. This once again shows the validity of the American and the Australian standards for

estimating the flexural stiffness of the USCB and that the British standard is not suitable.
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Figure 46: Comparison of the deflections of the beam obtained from analytical approach and from numerical model.

610 6. Parametrical study on the bending capacity and the flexural stiffness of the USCB

6.1 Description of the parametrical study

In this section, a parametrical study using the analytical approach described in Section 4.1.1 is carried out to
evaluate the influence of different parameters such as the concrete strength (f,), the steel strength of U-shaped
profile (fy,y) and the degree of shear connection (1), on the bending resistance of the composite beam. The study

615 uses three configurations of the beams, two of which are case P1-a and case P2-a with a beam span of 10 m and
20 m, respectively (see Figure 44). The third configuration P3 presents a beam span of 15 m with a cross-section
as illustrated in Figure 47. These cases cover the field of use of the USCB. The degree of shear connection ranges
from 0.5 to 1, and a strength class of S500B is used for the rebars. To investigate the influence of the strength of
the U-shaped steel profile and the concrete strength on the maximum bending moment, three steel grades (S235,

620 S275 and S355) and four concrete strengths (25 MPa, 30 MPa, 35 MPa and 40 MPa) are considered in this study.
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6.2 Influence of the parameters on the bending capacity of the USCB

Figure 48, Figure 49 and Figure 50 illustrate the evolution of the bending moment as a function of the degree

of shear connection for several values of steel strength f,, v and different values of concrete strength f in the cases

Pl-a, P2-a and P3, respectively. Different line types are adopted for the various values of f,,y while several values

in concrete strength are represented by different markers. In addition, to better quantify the influence of the yield

strength of the U-shaped profile and the concrete strength, the following ratios are computed and presented in

Table 7, Table 8 and Table 9 for the cases P1-a, P2-a and P3, respectively:

M . . . . . .
- pLRA1 / , being the ratio of the bending moment in each case to the one in the case with
pLRAN.fy U235

Jfy,u=235MPa for the same concrete strength and the same degree of shear connection.

M . . . . . .
- pLRA1 / LRdmf 25’ being the ratio of the bending moment in each case to the one in the case with
pLRamN.f ck

fex = 25MPa for the same steel strength of U-shaped profile and the same degree of shear connection.
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Figure 48: Evolution of the bending moment in function of the degree of connection for case P1-a.
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Table 7: Statistical values of ratios ~ P-R4™ / and pl’Rd'"/ M
PLRAMN.fyu 235

for case P1-a.

pLRAN,fcr25
Mpl,Rd,n/ Mpl,Rd,n/
Myiran fyu,23s Myiran fexzs
frou=235MPa | f,u=275MPa | f,u=355MPa | £,y = 235MPa | f;,y = 275MPa | f;,, v = 355MPa
Max. |Min | Max. | Min |Max.| Min |[Max.| Min |Max.| Min |Max.| Min
[%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%]
fex=25MPa (100 100 (113 112|138 |136 100 |100 100 {100 100 {100
Jek = a
fex=30MPa {100 100 (113 112|139 {135 102|100 102 {100 102|100
Jek = a
fex=35MPa {100 100 (113 113|139 |136 103|100 104 {100 103|100
Jeck = a
fex =40MPa |100 100 (113 113|139 |138 103|101 105 {100 105 |100
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Figure 49: Evolution of the bending moment in function of the degree of connection for case P2-a.
640 Table 8: Statistical values of ratios Mptran / and Mpl'Rd"’/ M for case P2-a.
PLRAMN.fy U 235 pLRAM.f ck25
Mpl,Rd,n/ Mpl,Rd,n/
Mpl'RdJl'fy,U,us MperdJI'fckZS
frou=235MPa | f,u=275MPa | f,u=355MPa | £,y = 235MPa | f;, v = 275MPa | f;,, u = 355MPa
Max. |Min | Max. | Min |Max.| Min |Max.| Min |Max.| Min |Max.| Min
[%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%]
fex=25MPa (100 100 |112 111|136 |129 100 100 100 {100 100 {100
fex=30MPa (100 100 |112 110 |136 |130 101 |100 101 {100 102|100
fex=35MPa (100 100 |112 110 |136 |130 102|100 102 {100 103|100
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Figure 50: Evolution of the bending moment in function of the degree of connection for case P3.

PLRAf cic25

Mpl,Rd,n/ Mpl,Rd,n/
My Ran,fy 0235 My ran,f ox25

fu=235MPa |f,u=275MPa | f;,,u=355MPa | f;,u = 235MPa | f;,u = 275MPa | f,,u = 355MPa
Max. [Min | Max. | Min |Max.| Min |[Max.| Min |Max.| Min |Max.| Min
(%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%]
Jex=25MPa (100 100 |111 110 (132 {129 100 (100 100 {100 100|100
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Table 9: Statistical values of ratios = P-R%7 / and ~ PLRAM / M for case P3.
PLRA1.fy,u,235

The main observations are as follows:

645 - Inthe three cases, the higher steel strength of the U-shaped profile increases the bending capacity. As can
be seen in the figures and the tables, a raise in yield strength (f,,v) from 235 MPa to 275 MPa and from
235 MPa to 355 MPa leads to almost 13% and 40% gain of the bending capacity, respectively.
Consequently, it can be concluded that it is efficient to increase the strength of the U-shaped steel profile
when the design requires higher bending capacity of the USCB;

650 - In cases of beam configurations with the neutral axis in the concrete slab (Cases P1-a and P2-a), a small
increase of bending capacity is obtained with the increase of the concrete strength, especially when the
degree of shear connection is low. A maximum increase of bending capacity of around 5 percent is
achieved between the cases with concrete strength of 25 MPa and 40 MPa;

- For Case P3 (neutral axis in the beam drop), the evolution of the bending moment is different from those

655 in the cases P1-a and P2-a. An increase of bending capacity of around 5 percent when changing the
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concrete strength from 25 MPa to 30 MPa, and of around 12 percent when changing the concrete strength
from 25 MPa to 40 MPa;
Hence, the impact of the concrete strength on the bending capacity of the USCB is less important that of the
steel strength of U-shaped profile. It would be preferable economically to increase the steel grade of the U-shaped
profile than the concrete strength in order to improve the bending capacity of the USCB.

6.3 Influence of the parameters on the flexural stiffness of the USCB

Figure 51 shows the deflection ratio as a function of the degree of shear connection for several values of different
. . . .6 .
values of concrete strength f in the cases P1-a, P2-a and P3. In this figure, the deflection ratio '7/ 81 ca5 the

proportion between the deflection in each case and the deflection in the case with f.x = 25 MPa and the degree of

shear connection 7 = 1. From the figure, the following observations are made:

- For Cases P1-a and P3, an increase of the flexural stiffness of around 5 percent, 9 percent and 12 percent
when changing the concrete strength from 25 MPa to 30 MPa, to 35 MPa and to 40 MPa, respectively;
- For Case P2-a, an increase of the flexural stiffness of around 2 percent, 6 percent and 9 percent when
changing the concrete strength from 25 MPa to 30 MPa, to 35 MPa and to 40 MPa, respectively;
- Inthe three cases, by increasing the degree of shear connection from 0.5 to 1 helps to improve the flexural
stiffness by about 26 percent.
In the economical point of view, it would not be interesting to increase the concrete class, as the improvement

of the flexural stiffness is rather limited. It is more efficient to improve the degree of shear connection.
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Figure 51: Deflection ratio in function of the degree of connection.

7. Conclusion

This paper presents a study on the influence of the partial shear connection on the behaviour of U-shaped steel
concrete beam with L-shaped shear connectors under sagging bending moment. A series of three full-scale flexural
tests of the USCB with a degree of shear connection ranging from 0.4 to 1 have been performed under sagging
bending moment. The experimental tests were to determine the moment resisting capacity, the slip distribution
along the length of the beam, the strain distribution on the cross-section, the ductility, and the failure mode. The
bearing bending capacity obtained from the experimental results were compared to the values obtained from the
full plastic analysis approach and from the simplified approach by Eurocode 4 [14]. The experimental results of
flexural stiffness were also compared with the values obtained from the closed-form expressions given by British,
Australian and American norms. A numerical model based on the two-layer beam element formulation taking into
account the interlayer slips with continuous connection in a co-rotational framework was also adapted to determine
the behaviour of the USCB and validated against experimental tests as well as against the analytical approaches.

At last, a parametrical study was carried out in order to investigate the effect of selected parameters such as the
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degree of shear connection, the concrete strength and the steel strength of U-shaped profile. The following

outcomes can be extracted from this paper:

The test results showed high ductility of the USCB with both full and partial shear connections. In the
case of partial shear connections, the failure mode of the USCB was governed by the plastic buckling
of the upper flanges of the U-shaped steel profile at the location of the critically loaded shear
connectors.

The full plastic analysis approach and the simplified approach by Eurocode 4 [14] are both applicable
for determining the ultimate bending capacity of the USCB. However, the full plastic analysis approach
gave more accurate results than the simplified approach provided in Eurocode 4 [14] when compared
to the experimental results.

American and Australian standards are more relevant to determine the flexural stiffness of the USCB,
as compared to other discussed standards.

The numerical model based on the two-layer beam element formulation taking into account the
interlayer slips with continuous connection in a co-rotational framework was validated against
experimental and analytical results.

It would be economically preferable to increase the steel grade of the U-shaped steel profile than the
concrete strength in order to improve the bending capacity of the USCB. On the other hand, to improve
the flexural stiffness, it is possible to increase the concrete class and the degree of shear connection.
The steel strength of the U-shaped profile has however no influence on the flexural stiffness of the

USCB.
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Annex: a simplified flowchart of the modelling process.

Input

(concrete, U-shaped profile, rebars)

Cross-section :

Material properties :
(concrete, U-shaped profile, rebars, connector)

Loading conditions :
(distributed and point load conditions)

Boundary conditions :
(Simple or fixed supports)

Iteration = Iteration + 1

Hypotheses

Number of elements
Number of nodes

Dicretization of cross-sections

T
| Step =1
I

Increment

Forcegep = Forcegp.1+AForce

T
Iteration =1 :
1

1. Local displacement from global

displacement

2. Generalized deformations of each

material

3. Stresses and tangent stiffness from generalized deformations for each material
(U-shaped profil, rebars, concrete and L-shaped connectors)

’ 4. Local tangent stiffness matrix and force vector for each element

’ 5. Global tangent stiffness matrix and force vector for each element

’ 6. Assembling of global tangent stiffness matrix and force vector

’ 7. Residual vector from equilibrium equation ‘

+ 8. Error from residual vector F

Step = Step + 1
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