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ABSTRACT

An experimental program is carried out to examine the effects of different factors on the slip and stress distri-
bution of concrete slabs in composite beams. A total of ten steel-concrete composite beams with a span of 4.80 m
are tested to find the effects of the type of shear connectors and the concrete slab reinforcement on the behaviour
of composite beams. All beams consist of monosymmetric steel cross-sections connected to 120 cm wide concrete
slabs. Welded shear connectors (angles or channels) spaced at 20 cm are used to connect the concrete slabs to the
steel beams. The concrete slabs of eight beams are provided with a lower steel reinforcement only while two
beams are provided with both lower and upper steel reinforcement. The results showed that the ultimate load
capacity of composite beam with channel connectors is 14% higher than the counterpart beam with angle
connectors and 30% stiffer in resisting the slip of the concrete slab. Moreover, composite beams with channel
connectors tend to maintain strain compatibility at the interface between concrete slab and steel section better
than the counterpart beams with angle connectors. It is also found that using upper steel reinforcement mesh
enhances the stress distribution in the concrete slab until failure. It is found that increasing the reinforcement
ratio of the concrete slab from 0.18% to 0.46% increases the flexural strength of the composite beams by 7.45%,
while decreases the deflection values by 23%. Moreover, using upper steel reinforcement prevented the longi-
tudinal cracking of the top surface of the concrete slab and allowed for full plastification of the steel cross-
sections.

1. Introduction

concrete slab. The degree of composite action is an important parameter
in the design of composite beams due to its influence on their flexural

In steel-concrete composite beams, the steel embedment inside the
concrete slab such as the shear connectors and reinforcement bars plays
important role in the overall behaviour of the beams. The design of shear
connectors is crucial in determining the degree of composite action and
consequently evaluating the slip of the concrete slab. On the other hand,
the reinforcement bars inside the concrete slab can have an impact on
the stress and strain redistribution along the transverse direction of the
slab as well as reducing the vertical deflection of the beam. In this paper,
the effect of shear connectors and steel reinforcement on the behaviour
of composite beams is studied.

There are many types of shear connectors such as studs, dowels,
angles, and channels [1-4]. The channel sections are considered the
most popular type used in composite girders due to their geometric
pattern that helps in achieving efficient better anchoring with the
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strength and deformations. The degree of composite action depends on
the rigidity and number of shear connectors and can simply be defined
as the ratio between the total horizontal shear capacity of the connectors
in the shear span and the smaller strength of either the steel section or
the concrete slab compressive capacity. The reduction in the percentage
of composite action results in higher slip values at the interface between
the steel beam and the concrete slab, potentially resulting in increased
deflection values of the composite beams. The slip rate between the
concrete slab and the steel section, which is greatly affected by the type
of shear connectors, is very important in understanding the behaviour of
the composite beam [5]. The resistance of the shear connectors is also
dependent on the relative distance between their center of gravity and
the line of action developed by the concrete slab shear force [6]. The
failure of connectors depends mainly on the geometry and location of
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the connectors as well as the concrete compressive strength [7]. It was
shown that the angle shear connectors achieved higher shear capacity
associated with lower ductility [8-10].

The stiffness and strength of composite beams are influenced by the
type of shear connectors and the provided degree of composite action.
The strain profile along the composite beam depth does not solely
depend on the degree of shear connection but also on the connector type
[11-15]. Moreover, the more ductile shear connectors at the steel-
—concrete interface may cause force redistribution along the cross-
section, which enhances the overall ductility of the composite beam
[16].

Due to the non-uniform compressive stress distribution along the
concrete slab of composite beams, designers adopt the concept of
effective slab width to simplify the calculations of the flexure capacity
and deflection of such beams. The non-uniform longitudinal stress dis-
tribution along the width of the concrete slab; namely the shear lag;
usually takes high values over the connected steel beam while the
stresses decrease at the extremities [17-19].

The accurate estimate of the effective concrete slab width in com-
posite beams leads to an accurate prediction of both strength and de-
flections. The calculation of the effective slab width in most of the
international codes depends on the span of the composite beam and the
spacing between beams. The effective width relies on the loading level.
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Where, the effective concrete slab width increases with increasing the
load beyond the elastic phase and reaches the complete slab width near
the collapse [16,20]. Recent research studies indicated that both the size
of the steel section, represented by its radius of gyration, and percentage
of composite action have noticeable effects on the values of the effective
width, and hence the stiffness and strength of composite beams [16,20].
Comprehensive literature review for many international codes (i.e.,
AISC 360-15 [21], CISC S16-14 [22] and the Eurocode 4; CEN 2004
[23]) indicated that providing sufficient reinforcement in the transverse
direction resists the tensile stresses in the concrete slab and prevents the
longitudinal cracks. However, the strength equations of steel-concrete
composite beams do not account for the contribution of the transverse
reinforcement. It is expected, however, that transverse reinforcement
has a contribution in delaying or completely preventing the initiation of
longitudinal cracks in the concrete slab with a potential increase in the
flexural capacity of composite beams [24]. Therefore, the current
research aims at studying the effects of the transverse steel reinforce-
ment inside the concrete slab on the crack control and stress redistri-
bution along the concrete slab.

2. Experimental program

Ten composite beams with mono-symmetric steel cross-sections (B1
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Fig. 1. Test specimens.
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to B10) with a total length of 5000 mm are tested in the current
experimental program. The beams are simply supported with a clear
span of 4800 mm, as shown in Fig. 1. Table 1 illustrates the cross-section
dimensions of all tested beams. All beams are fabricated using mono-
symmetric steel sections with the area of the lower steel flange double
the area of the upper steel flange. The concrete slab width (Bs) is taken as
one-quarter of the beam span equal to 1200 mm. A lower steel rein-
forcement mesh, with steel bars spaced at 200 mm in both the longi-
tudinal and transverse directions, was embedded in the concrete slab,
for all tested beams. The diameter of the lower steel bars is 8 mm.
Additional upper reinforcement mesh is provided for the concrete slabs
of beams B5 and B6. The reinforcement ratio is defined as the total area
of steel rebars (i.e., upper and lower steel bars) with respect to the area
of the concrete slab (p = Ap/A.). The variable parameters studied in this
experimental program are the shape of the shear connector (channels or
angles), the reinforcement ratio (p = 0.18, 0.21, 0.31, 0.46 or 0.54), the
concrete slab thickness (ts = 80, 120, or 140 mm) and the size of the
steel section in terms of the dimensions of its plates. It should be noted
that the provided area of the transverse steel reinforcement bars in
beams B5 and B6 satisfies the EN 1992-1-1 requirements.

3. Shear connectors

Welded shear connectors are used for all beams, where C-channels
(UPN 60) are used for five beams (B1, B3, B5, B7, and B9), and angles (L
60) are used for five beams (B2, B4, B6, B8, and B10). The shear con-
nectors are designed according to Eurocode4; DD ENV 1994-2:2001
equation, clause 6.2.1, where the resistance of the channel shear
connector (Pgrq), the acting shear force, and the pitch distance (P) be-
tween shear connectors are calculated using the following equations:
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Iy = Moment of inertia of the composite section about x-x axis (mm™*)

It should be noted that Eurocode 4 provides only one equation for
channel shear connector. This equation assumes that the web of the
channel is vertical with the shear applied nominally perpendicular to the
web. Therefore, this equation is used to estimate the capacity of the
angle shear connector.

Table 2 shows the predicted nominal strength of each tested beam.
Table 2 lists also the required pitch distance (P) and the degree of
composite action for each beam (P/S), where S is the actual pitch dis-
tance between connectors and is taken equal to 200 mm.

3.1. Material properties

3.1.1. Concrete

All slabs were cast using normal weight concrete of density equal to
25 kN/m>. The concrete mix was designed to provide a characteristic
strength of 35 MPa. Six concrete cubes were cast alongside the beams,
weighted, and tested on the same day of the corresponding beam test to
determine the actual concrete compressive strength.

3.1.2. Steel section and reinforcement rebars

Samples from the steel plates and the reinforcement bars were taken
and tested in the laboratory. The yield stress, ultimate stress, Young‘s
modulus, and the percentage of elongation values for each sample are
shown in Table 3.

3.2. Preparation of specimens

The web and flange plates were assembled together for each beam

3,0 . . .
P = 20bhif, ) using a 6 mm welding size. The shear connectors were welded to the
d — — . . . .
b Yv upper flanges, as shown in Fig. 2(a), with a constant spacing equal to
200 mm for all beams. Wooden forms were prepared to cast the concrete
S, ;
Shear flow at yield : q = —QI’ . 2 slabs above the steel beams. The steel reinforcement meshes were then
Vv
P Table 2
Required Pitch distance : P = “kd 3) Design of Shear Connectors according to Eurocode 4; CEN 2004.
q
Beam Ultimate I, (mm%) Pra P(mm) Degree of
Where: D load (kN) x10* (kN) composite action,
P/S
Pgd = is in newtons (N); Bl 454.29 23,725 99.49  167.40 0.84
b = is the length of the channel in millimeters (mm); B2 454.29 23,725 99.49 163.05  0.82
h = is the height of the channel in millimeters (mm); B3 599.13 34,709 99.49 19310  0.97
fox = is the characteristic cylinder strength of concrete (N/mmz), B4 550.85 30,779 99.49 169.18  0.85
. . B5 599.13 35,288 99.49 185.16  0.93
yy = is the partial safety factor, should be taken as 1.25 for the ul- B6 550.85 31.301 09.49 17140 0.86
timate limit state B7 223.33 11,773 78.55 207.04  1.04
Qy = Beam shear force at the yield stage (N), B8 223.33 11,773 78.55 211.61  1.06
Sx = Statical moment of area of the concrete slab about the x-x axis B9 134.00 6045 57.60  231.02 116
3 B10 134.00 6045 57.60 233.35 1.17
(mm®) and
Table 1
Details of Tested Specimens.
Beam Slab thickness, tg Reinforcement Ratio Ap/ Type of Shear Lower Flange Web Upper Flange Radius of gyration of steel,
ID (mm) A. (%) Connector by t, hy, ty by ¢, rs (mm)
(mm) (mm) (mm) (mm) (mm)  (mm)
B1 80 0.31 UPN 60 200 12 260 8 100 12 113.74
B2 0.31 Angle 60
B3 140 0.18 UPN 60
B4 120 0.21 Angle 60
B5 140 0.46 UPN 60
B6 120 0.54 Angle 60
B7 80 0.31 UPN 60 160 10 200 80 10 86.64
B8 Angle 60
B9 UPN 60 120 150 6 60 67.70
B10 Angle 60
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Table 3
Mechanical properties of steel plates and steel reinforcement.
Steel Section Yield Ultimate Young’s Elongation
Stress, fy, Stress, f, Modulus, E at ultimate %
(MPa) (MPa) (GPa)
Plate 6 mm 275 470 210 27
Plate 8 mm 290 470 210 28.3
Plate 10 mm 320 550 210 21.97
Plate 12 mm 360 550 210 21
Diameter 8 mm 350 435 200 13.6
Diameter 10 mm 490 570 200 14.1

placed in wooden forms, as shown in Fig. 2(b). The concrete was poured,
compacted, and leveled, as shown in Fig. 2(c). The concrete slabs were
continuously moistured with water for seven days and kept in the at-
mospheric temperature of the laboratory for four weeks before testing.

3.3. Instrumentations

The displacements were measured using five LVDTs with a maximum
stroke of 100 mm and an accuracy of 0.01 mm. Three LVDTs were
mounted to record the vertical deflection of the steel beam and the
concrete slab at the beam mid-span, as shown in Fig. 3(a). Another two
horizontal LVDTs were used at the two ends of the beams to record the
horizontal displacement (slip) at the interface between the concrete slab
and the steel beam. Nine strain gauges were used, in the current test, to
record the strains at different locations during the experiment. The
length and resistance of all strain gauges are 100 mm and 120 Ohm,
respectively. Five strain gauges were attached to the concrete slab, one
strain gauge was attached to the embedded steel reinforcement bar and
finally, three strain gauges were attached to the steel beam. Gauges (g1
to ec4) were attached to the upper surface of the concrete slab to record
the compression strain distribution along the concrete width at the mid-
span section, as shown in Fig. 3 (b), and the fifth strain gauge (e.5) was
attached to the bottom side of the concrete slab right beside the upper
steel flange. Gauges (g5 to £53) were attached to the mid-span section, at
the upper and lower flanges of the steel beam as well as at the mid-
height of the steel web, as shown in Fig. 3 (c). The ninth strain gauge
was attached on the transverse steel rebars of the upper steel rein-
forcement mesh for beams B5 and B6 only, as shown in Fig. 3 (d).

3.4. Test procedure

The specimens were mounted and adjusted in the loading frame and
were loaded using a rigid spreader beam to allow for a four-point
loading setup, as shown in Fig. 3(a). The specimens were tested using
a 2000 kN capacity hydraulic jack with 5.0 kN accuracy.

4. Experimental results

The results of the tested beams are plotted in terms of load versus
vertical deflection at mid-span in Fig. 4, slip at the interface between
steel and concrete slab in Fig. 5, strains of lower steel flange in Fig. 6,
upper and lower strains of the concrete slab in Fig. 7, strains at the
transverse steel rebars of the upper reinforcement mesh in Fig. 8, loca-
tion of the neutral axis in the concrete slabs in Fig. 9 and the strain
profile of the mid-span cross sections at both the yield and ultimate loads
in Fig. 10.

Besides, Table 4 lists the load values at the initiation of yield,
transverse cracks, longitudinal cracks, and ultimate. The table lists also
the vertical deflections at yielding and ultimate loads as well as the
horizontal slip at the steel-concrete interface at the elastic and ultimate
stages.

The yielding load is determined when the longitudinal strain at the
underside of the lower steel flange (g53) reaches the yielding strain value.
The yielding strains of the steel plates, based on the tested coupons, are
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Fig. 2. Fabrication of beams.

0.171% for beams B1 to B6 and 0.152% for all other beams.

4.1. Effect of the shear connector type

In this section, the flexural behaviour of three pairs of beams is
presented to determine the effects of changing the type of shear
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(a) TestSetup P/

(b) Location of strain gauges on top of
concrete slab

(c) Location of strain gauges along steel beam
depth

(d) Location of strain
gauge on Top Trans. RFT

Fig. 3. Test setup and instrumentations.

connectors (i.e., channels or angles). Pair 1 (beams Bl and B2) is the
only pair of these pairs which have partial composite action with a P/S
value equal to 0.83, as indicated in Table 2. The other two pairs of beams
(pairs 2 and 3) have full composite action with a P/S value greater than
one.

Beams B1 and B2 (pair 1), are identical beams except for the used
type of shear connectors. The radius of gyration of the steel section for
pair 1 equals 113.74 mm. B1 is provided with channel shear connectors
(UPN 60), while B2 is provided with angle shear connectors (L 60).
Although using different shapes of shear connectors the two beams
reached almost the same yielding and ultimate load levels, as shown in
Table 4. The yielding loads for beams B1 and B2 are 375 kN and 385 kN,
respectively. The failure loads are 457.67 kN and 459.93 kN for beams
B1 and B2, respectively.

Table 4 shows that the difference between the slip values at the
interface between the concrete slab and the steel beam is higher at the
elastic stage before yielding of steel. Table 4 lists slip values for B1 and
B2 at the elastic limits as 0.23 mm and 0.33 mm, respectively. These
values indicate that the channel shear connectors were 30% stiffer than
the angle shear connectors in resisting the slip of concrete slab within
the elastic range. Therefore, when the concept of partial composite ac-
tion is adopted in the design of composite beams it is recommended to
use channel connectors to reduce the slip rate of the concrete slab.

Fig. 9 shows the location of the neutral axis with respect to the
concrete slab. The location is calculated based on the strain values at the
top surface of the concrete slab (e.1) and the strain values at the bottom
surface of the concrete slab (ecs). Also, the figure shows the load value at
which the underside concrete crack started to propagate. The underside
concrete crack occurred at a concrete strain value of 100 p strain, which
is corresponding to the allowable tensile strength of concrete with a
compressive strength of 35 MPa. Fig. 9(a) shows that beam B1 with
channel connectors exhibited a gradual increase in the tension zone of
the concrete slab with increasing the load until beam failure occurred.
Beam B2 with angle connectors experienced earlier initiation of tension
stresses in the concrete slab with a similar rate for the neutral axis shift
until the depth of the neutral axis reached 7.6 mm inside the concrete
slab. It should be noted that this point marks the initiation of yielding
strains at the steel cross-section (Py = 385 kN). The neutral axis depth
was then stabilized before experiencing a noticeable jump inside the
concrete slab until it reached a depth of 35.2 mm before beam failure
occurs.

B7 and B8 are another identical pair (pair 2) of beams with a smaller
steel cross-section than those of pair 1. The radius of gyration of pair 2
equals 86.64 mm. The measured yield loads for beams B7 and B8 are 185
kN and 181 kN, respectively, as shown in Table 4. A higher difference is
measured in the ultimate load capacity between both beams. The failure
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Fig. 5. Load-slip of concrete slab of all tested beams.

loads for beams B7 (with channels) and B8 (with angles) are 220.29 kN channel shear connectors recorded the same increase in stiffness (30%)
and 209.11 kN, respectively, which indicate 5% enhancement for B7. in resisting the slip of concrete slab within the elastic range. These shear
Fig. 5(b) shows that the slip values at the elastic limits for B7 and B8 are connectors in this pair of beams are classified to just provide the full
0.20 mm and 0.26 mm, respectively. These values indicate that the composite action with P/S values are 1.02 and 1.07 for beams B7 and B8,
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respectively.

Fig. 9(d) shows that beam B8 with angle connectors experienced
earlier initiation of tension in concrete slab than that of beam B7 with
channel connectors. Both beams experienced a gradual increase in the
tension zone until failure.

Beams B9 and B10 are the 3rd pair (pair 3) with full-composite ac-
tion, where P/S values are 1.14 and 1.19, respectively. The steel section
size of this pair is the smallest among all tested specimens, where the
radius of gyration of the steel section is 67.70 mm. The measured yield
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loads for beams B9 and B10 are 100 kN and 99 kN, respectively, as
shown in Table 4. The difference in the ultimate load capacities between
both beams becomes obvious in this case, where the failure loads are
134.44 kN and 117.69 kN for beams B9 and B10, respectively, which
indicate 14% enhancement for B9. Fig. 5(c) shows that the slip values at
the elastic limits for B9 and B10 are 0.16 mm and 0.17 mm, respectively,
which represents a very small effect for the type of shear connector.
These observations indicate that the effect of using channels as shear
connectors on the ultimate strength is higher for full composite action
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Fig. 9. Load versus neutral axis depth in concrete slab.

beams, while its effect on the slip values is higher for partial composite
action beams.

Fig. 9(e) shows that beam B10 with angle connectors experienced the
same earlier initiation of tension in concrete slab compared to beam B9
with channel connectors. Both beams experienced a gradual increase in
the tension zone until failure.

Fig. 10 shows the strain profiles for beams (B1, B2), (B7, B8), and
(B9, B10). For all six beams, strain compatibility was maintained and the
cross-sections of the composite beams remained plane up to the level of
yield loads, regardless the shear connector type or the degree of com-
posite action. Beyond the yield loads and up to the ultimate loads,
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incompatible strain values were observed at the interface between the
concrete slabs and steel cross-sections with higher values of in-
compatibility for composite beams with angle type of shear connectors
associated with partial composite action (i.e., B2).

4.2. Effect of the concrete slab reinforcement ratio

In this section, the results of two pairs of composite beams (B3, B5)
and (B4, B6) are presented to determine the effects of the steel rein-
forcement ratio of the concrete slab on the behaviour of composite
beams.
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Table 4
Summary of test results.

Beam ID Elastic Stage (Yield) Load at Load at longitudinal cracks (kN) Ultimate Stage

tr ks (kN
Py (kN) Deflection &, (mm) Slip (mm) ansverse cracks (kN) P, (kN) Deflection &, (mm) Slip (mm)

B1 375 29 0.23 410 420 457.7 64.38 0.49

B2 385 30.45 0.33 400 450 459.9 67.04 0.53

B3 350 16.1 0.15 420 540 581.3 57.15 0.74

B4 385 18.9 0.21 410 540 549.6 55.21 1.51

B5 365 15 0.08 420 N/A 624.6 69.68 1.97

B6 380 16.5 0.18 410 N/A 565.2 48.66 1.91

B7 185 28 0.2 200 210 220.3 74.3 0.53

B8 181 29.9 0.26 185 195 209.1 62.17 0.47

B9 100 36 0.16 90 120 134.4 135.22 0.52

B10 99 34.5 0.17 80 110 117.7 79.02 0.57

Beams B3 and B5 are identical beams except for the reinforcement respect to the area of the concrete slab, Ap/A.) equal to 0.18% and

ratio of the concrete slab. Beams B3 and B5 (with 140 mm thick concrete 0.46%, respectively. It should be noted that these two beams are pro-
slabs) have reinforcement ratios (Area of longitudinal steel rebars with vided with channel connectors.
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Fig. 11 shows the strain distribution at the upper side of the concrete
slab. Fig. 11(a) indicates a better strain distribution in the concrete slab
at the transverse direction when using higher reinforcement ratios at
both the elastic and ultimate stages. The effect is more pronounced at the
ultimate stage, where the ratio of the strain at the centerline of the slab
divided by the strain at the slab edge (e.1/ec4) equals 3.6 and 1.1 for
beams B3 and B5, respectively. The fairly uniform strain distribution at
the top of the concrete slab in the case of beam B5 is believed to increase
the effective concrete slab and hence improve the behaviour of the
composite beam. This is attributed to the presence of the transverse steel
reinforcement in the concrete slab. The transverse steel reinforcement

Engineering Structures 245 (2021) 112880

reduces shear lag phenomena by preventing the presence of the top
longitudinal concrete cracks.

As shown in Table 4, beams B3 and B5 failed at 581.3 kN and 624.6
kN, respectively, which indicates a 7.45% increase in flexural strength
due to the increase in slab reinforcement ratio. The measured yield loads
for beams B3 and B5 are 350 kN and 365 kN, respectively, which in-
dicates a 4.3% increase in the yield load due to the increase in slab
reinforcement ratio. In addition, it is noted that steel reinforcement of
the concrete slab has a significant impact on the deflection of the com-
posite beam, especially at the ultimate load stage. Increasing the rein-
forcement ratio of the concrete slab from 0.18% (B3) to 0.46% (B5), the
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deflection values of composite beams are dropped by 7% and 23% at the
yielding and ultimate loads of B3 (350 kN and 581.3 kN), respectively.

Fig. 8 shows a comparison between the calculated longitudinal strain
values in the concrete slab (e.s) and the transverse strain values in the
upper steel mesh (gg4). the longitudinal strain values in the concrete slab
(ecs) are calculated by interpolation between the measured strains (ec; &
€c5). The transverse strain values at the upper reinforcement mesh are
way below their yielding strain, as shown in Fig. 8. The absolute ratio of
the longitudinal strain over the transverse strain values (gs4/€.s), known
also as Poisson’s ratio, is calculated throughout the test of beam B5 and
plotted in Fig. 12(a). The figure shows almost a constant value for
Poisson’s ratio equal to 0.16 throughout the test before increasing up to
a value of 0.5 at the failure load.

Engineering Structures 245 (2021) 112880

Beams B4 and B6 are identical beams except for their concrete slab
reinforcement ratios. Beams B4 and B6 have reinforcement ratios (Ap/
A) equal to 0.21% and 0.54%, respectively. Also, Beams B3 and B5 are
identical except for their slab reinforcement ratios. It can be noted that
B4 and B6 have a concrete slab reinforcement ratio higher than B3 and
B5. The ratio of slab reinforcement of B6 to B4 and B5 to B3 is equal to
2.5. Fig. 11(b) indicates that the strain values of the thin concrete slab
(120 mm for beams B4 and B6) are lower than the values of thicker slabs
(140 mm for beams B3 and B5). Moreover, the ratio of the strain at the
slab centerline divided by the strain at the slab edge (e.1/¢c4) equals 1.17
and 1.14 for beams B4 and B6, respectively. These values indicate that
the effect of the slab reinforcement ratio on the strain distribution is
reduced due to the small strain values developed in thin concrete slabs.

0.6 -
05 | 1200 o
& o g
- «— =) "
} 0.4 4 Mid Span E E [
w ,=140mm 2 : - |
3 S 3 E |
~ s = @ -]
= 0.3 - i g % g [
e ' £t 3 T @
£ Plan of Concrete Slab (B5) g g 8 al
- - " - =
K g = ‘-5 -ul
202 - v g
§ Avg. Poisson's ratio = 0.16 b E .E E:
K T = = ; E
A T E G el
01 | Z| :’: =l ol
gl g g oal
gl gl sl 3
0 ‘ ‘ ‘ m_!_ m_!' ‘ ‘ ura_!_ Oy
0 100 200 300 400 500 600 700
Load (kN)
(a) Poisson's ratio for beam ( B5)
1.2
1 :
1200
&
% - 8 :
08 1 s Mid Span " P |
- < S
3 t. =120 mm & = |
< " " S g
206 - o - 2@ 3 |
Q - 1 1 z - =
p=} " e = a le
g -
- Plan of Concrete Slab (B6) 2 _3 5 %l
‘g Bz = =|
S04 P = s
z T 5 g =1
3 7 =l - @
& z ¥ ki E
E = | ‘H |
0.2 - Avg. Pois ic stage = 0.16 E, =1 t|
o E | §|
2 g S |
0 . [ ‘ a b 2y L
0 100 200 300 400 500 600
Load (kN)

(b) Poisson's ratio for beam ( B6 )
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The measured yield loads for beams B4 and B6 are 385 kN and 380
kN, respectively, as shown in Table 4. Although beam B6 started
yielding before beam B4 it failed at a load higher than beam B4. Beams
B4 and B6 failed at 549.63 kN and 565.16 kN, respectively, which in-
dicates a 2.8% increase in flexural strength due to the increase in slab
reinforcement ratio. In addition, it is also indicated that when increasing
the reinforcement ratio of the concrete slab from 0.21% to 0.54%, the
deflection values of the composite beams are dropped by 4.5% and
23.7% at the yielding and ultimate loads of B4 (385 kN and 549.63 kN),
respectively. Fig. 12(b) shows also a constant value for Poisson’s ratio of
beam B6 equal to 0.16 throughout the test before increasing up to a
value of 1.0 at the failure load.

The measured yield loads for beams B3 and B5 are 350 kN and 365
kN, respectively, as shown in Table 4. The recorded ultimate loads for
beams B3 and B5 are 581.3 kN and 624.6 kN, which indicates a 7.4%
increase in flexural strength due to the increase in slab reinforcement
ratio. Although, the reinforcement slab ratio between beams B6 to B4 is
almost the same as beams B5 to B3, beams B5 to B3 recorded a higher
difference in ultimate load than B6 to B4. This may be attributed to the
type of the used shear connector, as beams B3 and B5 are provided with
channel shear connectors, while beams B4 and B6 are provided with
angle. The slip values for beams B3 and B4 at failure load are 0.74 and
1.51 mm. While, the slip values for their identical beams B5 and B6, with
higher reinforcement slab ratios, at failure load are 1.97 and 1.91 mm.
This indicates that the increase in the slab reinforcement in the case of
beams provided with channel shear connector enhances the ductility of
beams than that beams provided with angle shear connector. Where the
ductility ratio (i.e., 8,\8y) of beams B3, B4, B5 and B6 are 3.56, 2.92,
4.64, and 2.95, respectively.

On the other hand, the increase in the reinforcement ratios has
almost a negligible effect on the location of the neutral axis and tension
zones at the bottom side of the concrete slab, as shown in Fig. 9(b & c)
for beams B3 to B6.

4.3. Failure modes

The failure modes can be divided into three groups with regard to the
failure sequence. All load levels associated with failure signs (i.e., the
initiation of yielding at the steel section, initiation of transverse and
longitudinal cracks in the concrete slab as well as the failure loads) are
listed in Table 4. The failure loads for all tested beams show good
agreement with the strength predictions according to EC4. Although
beams (B1 to B6) are provided with partial composite action according
to Eurocode, no signs for the failure of shear connectors were observed
until the end of the test. This is probably attributed to the higher
strength of all the shear connectors, welded to the steel beam in the zone
between the maximum and zero shear, than the least strength of either
the steel section or the concrete slab.

Group 1 includes six beams (B1 to B4, B7, and B8), where the steel
sections started yielding at the bottom steel flanges. The loading resis-
tance of the beams kept increasing, where larger portions of the steel
cross-section underwent yielding. Transverse cracks started to appear at
the bottom side of the concrete slabs after yielding of the steel section, as
shown in Fig. 13(a). The width of the transverse cracks kept increasing
until the end of the test. Longitudinal cracks were observed for the same
beams at the upper side of the concrete slabs just before failure occurs.
The longitudinal cracks were initiated at the upper side of the concrete
slab due to the absence of upper reinforcement, as shown in Fig. 13(b). It
should also be noted that the development of the longitudinal cracks was
always associated with an increase in the slip values at the interface
between the concrete slab and the steel beam. These longitudinal cracks
were developed due to the concentrated force applied by the shear
connectors which leads to transverse tension in the concrete slab. The
longitudinal crack width at the top of the concrete slab kept increasing
and propagating till the end of the test. On the other hand, the
compressive strains at the upper fibers of the concrete slab did not reach
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(b) Longitudinal cracks in beams without uppersteel rebars

Fig. 13. Different crack patterns of tested beams.

the crushing strain of concrete and hence no sign of compressive failure
was observed. It should be noted that beams B1 and B2 failed just before
the concrete slabs reach the crushing strain.

Group 2 includes Beams B5 and B6 with upper reinforcement steel
mesh in the concrete slab (higher reinforcement ratios), which followed
the same failure mechanism described for the previous group without
experiencing any longitudinal cracks. This is attributed to the presence
of the upper steel reinforcement mesh. In particular, the transverse steel
rebars prevented the longitudinal cracking of the concrete slab at the top
surface. It should also be noted that this group of beams achieved the
highest slip values at the interface between steel and concrete (1.97 mm
and 1.91 mm), respectively Moreover, the high reinforcement ratios of
the concrete slabs of beams B5 and B6 allowed for full utilization of the
steel beam, where almost the entire steel cross-sections reached their
yielding strains, as shown in Fig. 10.

Group 3 includes beams B9 and B10, which started with underside
concrete cracking before the initiation of yielding of the steel cross-
section. The tensile strain at the underside of the concrete slab excee-
ded the allowable tensile strain of concrete in tension. This is attributed
to the small size of the steel section compared to the concrete slab, which
allocated the neutral axis inside the concrete slab and read tensile strains
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at the underside of the concrete slab early from the beginning of the test.
After that, the loading resistance of the beams kept increasing, where
larger portions of the steel cross-section underwent yielding.

5. Conclusions

The findings of this study highlight the factors affecting the slip and
strain distribution along the concrete slab of composite beams. The
following conclusions can be drawn :

It is found that when the used shear connectors are not capable of
achieving the full composite actions the channel shear connectors are
usually stiffer than the angle shear connectors in resisting the slip of
concrete slab by about 30% within the elastic range. The effect of the
shear connector type on the slip values diminishes when the com-
posite beams are designed with full-composite action.

The effect of using channels as shear connectors on the ultimate
strength is more pronounced for beams with full-composite action.
The ultimate load capacity of composite beam with channel con-
nectors achieving full composite action (P/S = 1.14) is higher than
the counterpart composite beam with angle connectors by 14%.
The strain incompatibility at the interface between steel and con-
crete in partially composite beams is more pronounced with angle
connectors when compared to channel connectors.

Beams with angle connectors experience earlier initiation of tension
zones at the bottom of the concrete slab than beams with channel
connectors.

It is found that the upper steel reinforcement enhances the stress
distribution along the concrete slab. Uniform stress distribution
along the concrete slab is observed at the ultimate stage. It is found
that by increasing the reinforcement ratio of the concrete slab from
0.18% (B3) to 0.46% (B5), for beams provided with channel shear
connectors, the flexural strength of the composite beams was
increased by 7.45% and the deflection values were dropped by 23%.
On the other hand, the effect of reinforcement mesh becomes less
effective with thinner concrete slabs.

Using transverse steel reinforcement in the concrete slab prevented
any longitudinal cracks at the top surface of the concrete slab and
allowed for full plastification of the steel cross-sections.

Poisson’s ratio of the concrete slab is found constant throughout the
test with a value of 0.16 and dramatically increases before failure
occurs.
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