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Introduction 

Steel-Concrete Composite (SCC) beams are formed by attaching 

two different materials (steel and concrete) using the shear 

connectors at the interface. Shear connectors are used to reduce 

the slippage at the steel-concrete interface. The degree of 

composite action is a major concept for the design of composite 

beams and has a significant impact on a composite beam's 

flexural response. The degree of composite action can be defined 

simply as the ratio of the total horizontal shear capacity of the 

connectors in a shear span to the steel beam's smaller yield 

capacity and the concrete slab crushing capacity. So, the number 

of shear connectors and their rigidity control the percentage of 

composite action. Partial composite action can result in higher 

slip rates at the interface between the concrete slab and the steel 

beam, potentially resulting in increased deflection of the SCC 

beams. In the case of complete composite action, the slip rate 

estimation can also be important [1]. The shear connector's 

ability can be greatly impacted by the shear force line of action 

applied to the connector [2]. The channel shear connector is 

considered the most popular shear connectors. This is attributed 

to the acceptedgood performance of the channel shear connector, 

as well as the simplicity of the welding procedure in such a case. 

However, the use of the angle shear connectors could be more 

economical than using a channel connector. The welded area of 

the angle shear connector could be smaller than that of the 

channel connector, which may reduce the residual stresses 

accompanied by the excessive weld in the top flange of the steel 

beam. 

The researchers declared that a connector's failure significantly 

depends on the geometry and location of the connectors and 

concrete strength [3]. The different design properties of angle 

connectors surrounded by normal and high-strength reinforced 

concrete were examined under various load conditions. Results 

showed that the angles showed good behaviour in ultimate shear 
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In this paper, an experimental study is carried out to determine the behavior of mono-symmetric steel 
concrete composite (SCC) beams provided with angle and channel shear connectors. Also, this 
research is intended to evaluate the effective width of the concrete slab against the slenderness ratio 
(L/rs) of the steel beam and the type of the shear connector placed at the top flange of the steel beam. In 
this respect, six steel concrete composite (SCC) beams were tested in four-point bending to study the 
effect of the steel section and shapes of shear connector on the behaviour of the SC beams. Channels 
and angles section are used in this study to provide the shear connection between the steel and the 
concrete slab section. The findings of this study have shown that the use of an angle shear connector 
reduces the ultimate load capacity of SCC beams in a range of 14% than that of beams provided with a 
channel shear connector. In addition, it is found that beams provided with channel shear connectors 
are more likely to be more ductile than that beams provided with angle shear connectors by 39.9%. 
Also, it is found that the shape of the shear connector provided at the top flange of the steel beam does 
not affect the beam behaviour at the elastic stage. Moreover, the results show that the shape of the 
shear connector does not affect the effective width of the concrete slab. 
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capacity but not in ductility [4–6]. The fatigue strength of the 

weld between the bottom plate in the composite slab and angle 

shear connectors was studied. Results showed that the level of 

stress at the welded joint was low and much lower than the limit 

of fatigue [7]. The possibility of using angle shear connectors 

under movement loads was further examined. The specimens 

displayed good rigidity and durability [8]. The behaviour of the 

angle shear connector in SCC Structures was studied. The results 

showed that the Shear resistance and the shear stiffness of the 

angle connectors show good prediction compared with other 

connectors [9]. 

The concrete slab in SCC beams is subjected to variable 

compression stresses along its total width and thickness. The 

effective slab width is a concept used in the flexural design of 

SCC beams to simplify the computation of bending stresses 

along the beam depth. The longitudinal compressive stress 

distribution along the width of the concrete slab is non-uniform 

with high values over the steel beam, which decreases at the 

extremities [10]. This phenomenon is named the'' shear lag''. The 

shear-lag conduces to a non-uniform normal stress distribution 

over the slab width [11–12]. The accurate estimate of the 

effective flange width of SCC beams leads to estimate the 

expected deflection accurately. The calculation of the effective 

width in the universal codes (i.e., AISC 360-15 [13] & CSA S16-

14 [14]) depends on the beams span and spacing between steel 

beams. Besides, the concrete slab thickness is negligible. 

However, most recent research in the field of the composite 

beams has introduced different new parameters which affect the 

effective slab width [15-16]. The effective concrete slab width 

increases with the load beyond the elastic phase and reaches the 

whole slab width near the collapse, even for full slab width-to-

span ratios [15]. The effective concrete width depends on the 

loading stage. The effective width at ultimate loads is wider than 

that at service loads [16]. The slenderness ratio of the steel 

section is considered one of the most important parameters that 

affect the value of the effective slab width [16]. The size of the 

steel section affects the stress distribution through the concrete 

slab thickness of the SCC beams [16]. This variation in through-

thickness is expected to affect the calculations of the effective 

concrete slab width and should be taken into account in 

developing more accurate calculations [17]. Nevertheless, the 

concrete slab thickness has a negligible effect on the effective 

concrete slab width. This is attributed to the force equilibrium 

along the SCC section, where the upward shift in the neutral axis 

is equivalent to the increase in slab thickness [16]. The use of a 

mono-symmetric steel section in SCC is more economical than 

that of using a doubly symmetric steel section. This is attributed 

to the presence of the concrete slab in the compression zone of 

the SCC beams. The contribution value of concrete slab in 

composite plate girder increased in the unsymmetrical section 

than the symmetrical section this is due to the ideal use of 

materials [18]. In the present research, the evaluation of the 

effective concrete slab width in mono-symmetrical is carried out. 

Therefore, in this study, the concrete slab's behaviour attached to 

the mono-symmetric steel section using channel and angle shear 

connectors will be discussed. A brief overview of the 

measurement of the effective concrete slab width and strength of 

the shear connectors using the American steel construction 

institute ''ANSI / AISC 360-15'' [13], the Canadian standards 

association ''CAN / CSA S16-14'' [14] and the Eurocode 4; CEN 

2004 [19] is presented in the following pages. The experimental 

program results and the analysis of the results will be discussed 

to evaluate the effective concrete slab width in mono-

symmetrical steel sections. 

Code Limits 

Shear connectors 

The ANSI/AISC 360-15 provides Eq. (1) for calculating the 

nominal shear strength (Qn) of a channel shear connector 

embedded in a solid concrete slab, and the CAN/CSA S16-14 

similarly provides Eq. (2) for calculating (Qn) of a channel shear 

connector. The nominal shear strength of an angle shear 

connector is not listed in the ANSI/AISC 360-15 and the 

CAN/CSA S16-14. Therefore, the Eurocode 4; CEN 2004 was 

used to calculate the allowable resistance of the angle and 

channel shear connectors through using Eqs. (3) & (4), 

respectively. 

 

(1) 

(2) 

(3

) 

(4) 

Where: 

For ANSI/AISC 360-15 & CAN/CSA S16-14: 

tf = Flange thickness of channel shear connector (mm), 

tw = Web thickness of channel shear connector (mm), 

Lc = Length of channel shear connector (mm), 

F`c=Compressive cylinder strength of concrete (MPa), 

Ec = Modulus of Elasticity of concrete (MPa). 

For Eurocode 4; CEN 2004: 

tc = Width of the outstanding leg of angle connector (cm), 

Lc = Length of channel or angle shear connector (cm), 

fcu = Concrete compressive strength (kg/cm
2
), 

tf= Flange thickness of channel shear connector (cm), 

tw = Web thickness of channel shear connector (cm), 

Ec = Modulus of Elasticity of concrete (t/cm
2
), and 

Rw = is the weld resistance (ton). 

 

Effective concrete slab width 
The effective concrete slab width shall be taken as the sum of the 

widths from both the right and left sides of the beam centerline. 

Each side shall not exceed one-eighth of the beam span, one-half 

the distance to the centerline of the adjacent beam or the distance 

to the edge of the slab according to the ANSI/AISC 360-15, 

CAN/CSA S16-14 and the Eurocode 4; CEN 2004. The effective 

concrete slab width definition uses to measure the deflection 

values at serviceability limit states and ultimate moment capacity 

of composite beams. 

Horizontal shear force at interface 

The total longitudinal shear force (V`) in the concrete slab at the 

point of maximum positive moment is taken as the lesser than of 

two-equations (5) & (6), as mentioned in codes, the ANSI/AISC 
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360-15, CAN/CSA S16-14 and the Eurocode 4; CEN 2004. 

Shear flow equation is used to calculate the number of the 

required shear connectors using Eurocode 4; CEN 2004, as 

shown in Eq. (7).   

 

(5) 

(6) 

(7) 

Where: 

bs = are the effective width (mm), 

ts = thickness of the concrete slab (mm), 

As = the area of the steel section (mm
2
),  

Fy = the steel yield stress (MPa). 

Q = the shear force affecting the section at the yield stage (ton), 

S = the statical moment of area of the concrete slab (cm
3
), and 

IV = moment of inertia of the composite section about its central 

axis (cm
4
) 

 

Degree of composite action 

The degree of composite action can be defined only as of the 

ratio of the total horizontal shear capacity of the connectors in a 

shear span to the smaller yield capacity of the steel beam and the 

concrete slab crushing capacity. The ANSI/AISC 360-15 and 

CAN/CSA S16-14 state that the ratio between (∑Qn)/Cf and 

(n`/n) shall be taken as 1.00 for full composite action. Based on 

the effective cross-sectional properties, the effects of full or 

partial composite action in reducing the calculated deflections 

shall be calculated based on the effective cross-sectional 

properties in the elastic range. The effective moment of inertia 

(Ie) can be calculated according to the ANSI/AISC 360-15, 

CAN/CSA S16-14 and Eurocode 4; CEN 2004 as indicated by 

Eqs. (8), (9) & (10), respectively, as following: 

 

(8) 

(9) 

(10) 

Where: 

Is = moment of inertia for the structural steel section, 

Itr = moment of inertia for the fully composite uncracked 

transformed section, 

ƩQn= summation of the strength of steel anchors between the 

point of the maximum positive moment and the point of zero 

moments at either side (v`), 

Cf = compression force in the concrete slab for full composite 

action, 

n` = the actual number of shear connectors used in the girder 

between the point of the maximum positive moment and the 

point of zero moments to either side, 

n = the number of shear connectors required for full composite 

action, and 

PCC = percent composite connection, varies between 40% to 

100%. 

 

As long as the Eurocode provides two equations for the 

angle and channel shear connectors, and the capacity of 

the angle shear connector is almost equal to the capacity of 

the channel shear connector, as shown in Table2. 

Therefore, the American and the Canadian codes equations 

are used to calculate the effective width for both beams 

provided with angle and channel shear connectors. In this 

respect, this experimental research is intended to 

investigate the behaviour of the mono-symmetric steel 

section provided with angle or channel shear connectors. 

In addition, the validity of using the current design 

provisions in calculating the elastic stiffness, ultimate load 

capacity and the effective concrete slab widths. Also, the 

effect of the slenderness ratio of the mono-symmetric steel 

section on the effective concrete slab widths is discussed 

in this study. Moreover, the efficiency of using the angle 

shear connectors as an alternative to the channel 

connectors will be discussed in this study. In the following 

sections, a detailed discussion of the experimental program 

is presented. Besides, the calculation of the effective 

concrete slab width and strength of the shear connectors 

will be discussed and compared with the American 

Institute of Steel Construction "ANSI/AISC 360-15", the 

Canadian Standards Association "CAN/CSA S16-14" and 

the Eurocode 4; CEN 2004. Also, the effective slab width 

of all beams in this study will be checked against Lasheen 

equation [20] to find the suitability of lasheen`s equation 

for the mono-symmetric section in SCC beams. 

 

Experimental program 

The experimental program consists of testing six mono-

symmetrical steel beams with a total length of 5000 mm. The 

beams are simply supported with a clear span of 4800 mm. The 

tested beams are namely B1, B2, B3, B4, B5, and B6. The main 

testing parameters are the different shapes of shear connectors 

(i.e., channel and angle), span-to-beam depth ratio (L/d) and 

span-to-radius of gyration of steel section ratio (L/rs), as listed in 

Table 1. The radius of gyration is calculated about the transverse 

x-x axis, as shown in Figure 3. The ratio between slab width to 

span (BS/L) is equal to 0.25 for all beams, and the slenderness 

ratio (L/rs) is calculated for all beams, as listed in Table 1.  

According to the ANSI/AISC 360-15 and CAN/CSA S16-14, the 

effective width of each beam is calculated and indicated in Table 

1. The transformed moment of inertia (Itr) using transformed 

section analysis is shown in Table 2. The capacity of the channel 

and angle shear connector (Qn), the ratio between the calculated 

and the actual shear connector spacing (P/S), and the degree of 

composite action are also listed in Table 2. It can be noticed that 

full composite action is provided in all beams with the channel 

shear connector according to the ANSI/AISC 360-15. According 

to CAN/CSA S16-14, it can be noticed that full composite action 

is provided in all beams with the channel shear connector except 

beam B1. According to Eurocode 4: CEN 2001, It can be noticed 

that full composite action is provided in all beams with the 

channel and the angle shear connector except beams B1 and B2. 



Kamar et. al.,/ IJREM / 4(1) 2020  36-51 

International Journal of Research in Engineering and Management                                                                                                                                39 

 

Also, the equivalent moment of inertia (Ie) is calculated using 

Eqs. (8), (9) and (10), as shown in Table 2. 

Details of tested beams 

The details of test specimens are shown in Figures 1, 2 and Table 

1. All beams have a concrete slab thickness of 80 mm to neglect 

the effect of the stresses variation through the concrete slab 

thickness when comparing the results with each other, and to find 

the appropriate, effective slab width due to the change in the 

beam`s slenderness ratio. In order to find the effect of the beam`s 

slenderness ratio on the effective slab width, the slab width is 

taken with a maximum value of 1200 mm for all beams, 

according to the design codes used in this study. 

 

 

 

Table 1.Details of test specimens. 

 

Table 2.Properties and design parameters of beams according to ANSI/AISC 360-15, CAN/CSA S16-14 and Eurocode 4; CEN 2004. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All beams have concrete slabs reinforced using a lower steel 

mesh of 8 mm diameter and spacing of 200 mm in both 

longitudinal and transverse directions. Two types of shear 

connectors are used to provide the connection between the 

concrete slab and steel section, namely,channel and angle shear 

connectors.  

 

Three steel beams are connected to the concrete slab using 

channel shear connectors, while angle shearconnectors are placed 

at the upper steel flange of the other three steel beams.The 

connector’s spacing of all beams is 200 mm. All beams were cast 

using the typical normal weight concrete of density equal to 25 

kN/m
3
. 

 

 

Material properties 

Concrete 

The concrete mix was ordered from a concrete mixing plant with 

a characteristic concrete strength of 35 MPa. Two sets of six 

concrete cubes and six concrete cylinders were castalongside the 

beams, weighted and tested on the same day of beam testing to 

ensure the resistance of the required concrete. 

Beam 

Total 

Length 

(mm) 

Span, L 

(mm) 

Slab 

width, 

Bs(mm) 

slab 

thickness, 

ts (mm) 

Connector 

shape 

h w 

(mm) 

t w 

(mm) 

t f 

(mm) 

b L 

(mm) 

b u 

(mm) 
L/d L/rs 

B1 

5000 

 

4800 

 

1200 

 

80 

 

UPN 60 260 

 

8 

 

12 

 

200 

 

100 

 

13.2 

 

42.2 

 B2 Angle 60 

B3 UPN 60 200 

 

8 

 

10 

 

160 

 

80 

 

16 

 

55.4 

 B4 Angle 60 

B5 UPN 60 150 

 

6 

 

10 

 

120 

 

60 

 

19.2 

 

70.9 

 B6 Angle 60 

 
Beam ID B1 B2 B3 B4 B5 B6 

 
Is (mm

4
) x10

4
 7365.7 7365.7 3004.9 3004.9 1236.9 1236.9 

 
Itr(mm

4
) x10

4 
23725.1 23725.1 11773.2 11773.2 6044.8 6044.8 

 

Cf (long.shear) 

KN 
1704 1704 920 920 567 567 

A
IS

C
3

6
0

 

Qn (KN) 204.80 ------ 161.69 ------ 118.57 ------ 

P(mm) 218.6 ------ 341.2 ------ 423.1 ------ 

P/S 

 
1.09 ------ 1.71 ------ 2.12 ------ 

Ʃ Qn/ Cf 1.08 ------ 1.58 ------ 1.88 ------ 

 
Ie (mm

4
) 24380.4 ------ 14032.5 ------ 7832.8 ------ 

C
S

A
S

1
6

 

Qn (KN) 160.35 ------ 126.59 ------ 92.83 ------ 

P(mm) 166.20 ------ 255.28 ------ 313.25 ------ 

P/S 0.83 ------ 1.28 ------ 1.57 ------ 

ρ= (n`/n) 0.85 ------ 1.24 ------ 1.47 ------ 

Ie (mm
4
) x10

4 
20705.4 ------ 10867.2 ------ 5739.5 ------ 

E
u

ro
co

d
e 

Rsc (KN) 98.37 101.3 77.6 79.9 56.9 58.6 

P(mm) 165.3 166.07 204.5 215.4 228.5 237.2 

P/S 0.826 0.83 1.02 1.07 1.14 1.19 

Ie (mm
4
) x10

4 22233.9 

 

22269.9 

 

11773.2 

 

11773.2 

 

6044.8 

 

6044.8 
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Steel section and steel RFT 

All the steel sections and plates were purchased with different 

thicknesses, according to the section design. The plates were cut 

according to specifications, as mentioned in Table 1. The 

samples were collected and welded, as shown in Fig.4(a). The 

channels and angles were cut according to specifications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.1. Dimensions of test specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. Details of test specimens. 
 .

 

 

 

 

 

 

 

 

 

 

 

Fig.3. Steel cross sections used in the experimental investigation. 
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The shear connectors were welded to the upper flange of the 

steel beams, as shown in Fig.4(b). Steel stiffeners were welded 

on either side at the end of the beam to make the beam more 

stable at the support point. Sets of samples were taken and 

tested in the laboratory. The average yield stress, ultimate 

stress, Young`s modulus, and percentage elongation values for 

each sample are listed in Table 3. 

Table 3.Mechanical properties of steel plates and steel 

reinforcement. 

 

Preparation of specimens 

Wooden forms were prepared to allow casting the concrete 

slab above the steel beams. The reinforcement cages were 

placed in the wooden forms, as shown in Fig.4(c). The 

concrete slab was poured in the wooden forms, as shown in 

Fig.4(d). Electrical needle vibrator was used to compact the 

cast concrete and hence the final surface was smoothed. The 

wooden forms were removed after 24 hours of casting the 

concrete. The specimens were moisture continuously with 

water for seven days and kept in a laboratory atmosphere for 

four weeks. 

Instrumentation 

The deflections were measured using 3 Linear Variable 

Displacement Transducers (LVDT) of 100 mm 

capacityand 0.01 mm accuracy. They were arranged to 

measure the deflection values of the tested beams, as 

shown in Fig.5(a). Two horizontal LVDTs were used at 

the beam’s ends to measure the slip at the steel beam 

interface. Eight strain gauges of 100 mm length and 120 

Ohm resistance were used to measure the strains at 

different locations throughout the test, as shown in 

Fig.5(b). Three strain gauges (εs1 to εs3) were bonded to 

the mid-span section, at the bottom and upper flange of 

steel beam as well as the mid-height of steel web.The 

other strain gauges (εc1 to εc4) were bonded to the upper 

concrete slab surface to measure the compression strain 

distribution along the concrete width at mid-span, and 

the fifth strain gauge (εc5) was bonded to the lower 

concrete surface right beside the upper steel flange. The 

LVDTs and electrical strain gauges of the experiment 

were connected to the sufficient number of 

channelboxes connected to the lab computer to collect 

the data. 

Test procedure 

The specimens were tested by using a 2000.0 kN capacity 

hydraulic jack with 5.0 kN accuracy. Fig.5(c) shows the whole 

loading system. The tested specimens were instrumented to 

measure their deformational behavior after each load 

increment. The recorded measurements include concrete, steel 

beam strain, slip value, and crack propagation. The specimen 

was mounted and adjusted in the loading frame. A rigid steel 

spreader beam is used to divide the applied load into two-point 

loads.   

Experimental results 

Tested beams observations 

The results of tested specimens, including the yield load, 

maximum load, bending capacity, deflection values, and the 

ductility index (δu/δy), are presented in Table 4. Longitudinal 

and transverse flexural cracks load which propagated through 

the concrete slab are shown in Table 5. In addition, Table 5 

shows the slip values at the steel beam interface at yield and 

ultimate load. The results of the tested beams are examined at 

two important loading levels; namely, 0.30Pult and 0.90Pult. 

The 0.30Pult was chosen to evaluate the beam behaviour at the 

elastic range. The second load level was chosen at 0.90Pult 

instead of the full Pult to ensure that all instrumentations were 

still working properly before failure occurs. 

The section properties of all tested beams are shown in Table 

6, including the neutral axis depth (YN.A.) and the curvature 

(ψ) at 0.30Pult and 0.90Pult. The depth of the neutral axis is 

determined by assuming a linear strain distribution along the 

beam depth. The effect of horizontal slip between the steel 

section and the concrete slab at the steel beam interface is 

neglected in the determination of the neutral axis location. The 

value of the curvature is determined according to the Eq. (11). 

(11) 

The virtual moment of inertia (IE) is calculated in Table 6, 

using the experimental mid-span deflection and its 

corresponding load at 0.30Pult through the general virtual work 

Eq. (12). 

 (12) 

Where m and v are the internal virtual bending moment and 

the shear force According to a virtual unit load along the beam 

length at the same original load location. Due to service loads, 

M and V are the actual moment of bending and shear force 

acting on the beam. Gs is the elastic modulus for steel shear 

and is taken as 77 GPa. Section moduli (Supper) for the upper 

concrete fibers and (Slower) for the lower steel fibers are 

alsocalculated in Table 6, using the neutral axis depth, as 

shown in Fig.6, according to Eqs. (13) and (14). 

(13) 

Steel 

Section 

Average 

Yield 

Stress, 

fy 

(MPa) 

Average 

Ultimate 

Stress, fu 

(MPa) 

Average 

Young's 

Modulus, 

E 

(GPa) 

Average 

Elongation/ 

Shortening 

at ultimate 

% 

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 
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(a) Cutting and assembling of test specimens.                                       (b) Welding of angle and channel shear connectors. 

(c) Preparing of wooden form and steel mesh.(d) Casting concrete in the wooden forms. 

Fig.4.Fabrication of specimens. 

(a) LVDTs Arrangement on The Specimens.                                               (b) Position of Typically used Strain Gauges. 

 

 

(c) Test Setup 
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Fig.5. Test setup and instrumentations. 

 

(14)  

 

Fig.6.Stress-strain distribution along beam depth. 

The yield load is determined from the load versus longitudinal 

steel strains curve for all tested beams at the underside of the 

lower steel flange (εs3), as shown in Fig.7. The yield strains of 

the steel plates, based on coupon tests, are measured at 

0.171% for beams B1and B2 and 0.152% for all other beams. 

All test specimens exhibited a bilinear trend up to the 

initiation of yielding at the lower steel flange. This is 

attributed to the residual stresses effect accompanied by the 

welding process that used to compose the built-up section. The 

load-deflection curves of the tested beams are shown in Fig.8. 

Also, the values of the maximum deflection of the beams are 

demonstrated in Table 4.  

Fig.9 shows the load versus the concrete strain at the upper 

side of the concrete slab (εc1), and the strain at the underside of 

the concrete slab (εc5) for all beams. Fig.10 shows the load 

versus the slip value at the interface between the concrete slab 

and the steel section for all tested beams. Also, the recorded 

slip values for tested beams were shown in Table 5 at the yield 

and ultimate load. Typical failure modes of all tested 

specimens are shown in Fig.11. The degradation of beam 

stiffness was initiated by the yielding of the lower steel 

flanges for all tested beams. 

Flexural behaviour 

Effect of using different shapes of shear connectors with 

different size of steel section. 

In this section, the flexural behaviour of beams provided with 

channel and angel shear connector is presented. In addition, 

this section is divided into three sections to find the effect of 

the type of the shear connector on the flexural behaviour of the 

SCC beams with regard to the size of the steel section. 

 

For Beams B1 and B2 (rs = 113.74 mm) 

Although using different shapes of shear connectors for beams 

B1 and B2, with the same steel section size for both beams of 

the radius of gyration 113.74mm, the beams have almost the 

same failure load value, where the failure loads are 457.67 kN 

and 459.93 kN for beams B1 and B2, respectively. The 

difference in the calculated transformed moment of inertia (IE) 

between beams B1 and B2 is quite small (2.6%), as shown in 

Table 6. The neutral axis depths (YN.A.) calculated at 0.30Pult 

from the upper side of the concrete slab are 126.78 mm and 

130.8 mm for beams B1 and B2, respectively, as shown in 

Table 6. The minor difference in the elastic properties between 

B1 and B2 indicates that both beams have the same elastic 

behaviour despite the shape of the shear connector.  

Fig. 9(a) shows that the underside of the concrete slab strain 

(εc5) for beam B1 has almost the same value for beam B2. This 

means that the concrete slab is almost subjected to the same 

compression force in both cases of beam B2 is subjected to 

higher compressive stresses compared to the slab of beam B1. 

In addition, the strain values of (εc5) indicated a change of 

stress type from compression to tension at loads 365 kN and 

385 kN for beams B1 and B2, respectively, as shown in Fig. 

9(a), hence indicating that the neutral axis was upward shifted 

towards the concrete slab, as shown in Table 6.  The recorded 

yield loads for beams B1 and B2 are 385 kN and 375 kN, 

respectively, as shown in Table 4. It can be noticed that, the 
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difference in the shapes of shear connectors does not affect the 

steel strains of steel beams. The section modulus (Slower) of 

beam B1 is slightly lower than that of beam B2 by 4 %.  

The near results of beams B1 and B2 at the elastic stage show 

good agreement with the Eurocode. Where, the allowable 

horizontal load per channel or angel shear connector 

calculated according to Eurocode is almost the same, as shown 

in Table 2.  

At 0.90Pult, there is a slight difference in the flexural stiffness 

between beams B1 and B2, where the difference between 

flexural stiffness for both beams is almost 3.9%, as shown in 

Table 6. 

For Beams B3 and B4 (rs = 86.64 mm) 

B3 and B4 have the same size of the steel section of the radius 

of gyration equals to 86.64 mm. The only difference between 

B3 and B4 is the type of the shear connector that used to 

provide the shear connection between the concrete slab and 

the steel section. Only a 5% difference is recorded in the 

ultimate load capacity between both beams. The failure loads 

for beams B3 and B4 are 220.29 kN and 209.11 kN, 

respectively.  A slight upward shift of the neutral axis is 

observed for beam B3 compare with beam B4, so the 

difference in the calculated transformed moment of inertia (IE) 

between beams B3 and B4 is small (3%), as shown in Table 6. 

The neutral axis depths (YN.A.) calculated at 0.30Pult from the 

upper side of the concrete slab are 120.45 mm and 123.26 mm 

for beams B3 and B4, respectively, as shown in Table 6. In 

addition, the difference between section moduli at the upper 

fibers (Supper) for both B3 and B4 beams is almost 5%, as 

shown in Table 6.  

This difference in section moduli is directly proportional to the 

upper concrete strain values (εc1), as shown in Fig. 9(b). Also, 

Fig. 9(b) shows that the underside of the concrete slab strain 

(εc5) for beam B3 is lower than that of beam B4. This means 

that the slab of beam B4 is subjected to higher compressive 

stresses compared to the slab of beam B3. In addition, strain 

(εc5) started to record tension values at loads of 180 kN and 

120 kN for beams B3 and B4, respectively, as shown in Fig. 

9(b), indicating that the neutral axis is located inside the 

concrete slab, as shown in Table 6. The recorded yield loads 

for beams B3 and B4 are 185 kN and 181 kN, respectively, as 

shown in Table 4.  

It can be noticed that the type of the shear connector in this 

case has a slight influence on the elastic properties of both 

beams. Although the experimental results in the elastic stage 

show good agreement with the Eurocode, there is a slight 

difference in the ultimate load capacity between both beams 

due to the usage of smaller steel section size than that used for 

beams B1 and B2.  

 

For Beams B5 and B6 (rs = 67.70 mm) 

Beams B5 and B6 have the smallest steel section size among 

the test specimens. The radius of gyration of the steel section 

for both beams is 67.70 mm. 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 B5 and B6, respectively, with a difference 14.23%. The 

difference in the calculated transformed moment of inertia (IE) 

between beams B5 and B6 is (3.8%), as shown in Table 6. The 

neutral axis depths (YN.A.) calculated at 0.30Pult from the upper 

side of the concrete slab are 82.85 mm and 81.05 mm for 

beams B5 and B6, respectively, as shown in Table 6. 

Moreover, the difference between section moduli at the upper 

fibers (Supper) for both beams is almost 6%, as shown in Table 

6. This difference in section moduli is directly proportional to 

the upper concrete strain values (εc1), as shown in Fig. 9(c). In 

addition, Fig. 9(c) shows that the underside of the concrete 

slab strain (εc5) for beam B5 is lower than that of beam B6. 

This means that the slab of beam B6 is subjected to higher 

compressive stresses compared to the slab of beam B5. Also, 

strain (εc5) started to record tension values at loads of 75 kN 

and 60 kN for beams B5 and B6, respectively, indicating that 

the neutral axis is located inside the concrete slab, as shown in 

Fig. 9(c). The recorded yield loads for beams B5 and B6 are 

100 kN and 99 kN, respectively, as shown in Table 4. Also, 

there is an insignificant effect of using different shapes of 

shear connectors on the section modulus at the steel lower 

flange (Slower), where section moduli (Slower) for beam B5 is 

slightly lower than that of beam B6 by 2.67%, as shown in 

Table 6. At 0.90Pult, there is a difference in the flexural 

stiffness between beams B5 and B6, where the difference 

between flexural stiffness for both beams is almost 7.35%, as 

shown in Table 6.  It can be noticed that the type of the shear 

connector provided with smaller steel section size relative to 

span has a noticeable effect on the ultimate load capacities of 

SCC beams. However, the experimental results in the elastic 

stage show good agreement with the Eurocode, as shown in 

Table 2. 

Table 4.The test results summary 

Beam ID 

Yielding 

load 

(Py)(kN) 

Max. load 

(Pu)(kN) 

Deflection 

At yield 

δy(mm) 

Deflection 

At Ult. 

δu(mm) 

Stiffness (Py/δy) at 

the Elastic 

Stage(kN/mm) 

Ductility 

Index 

(δu/δy) 

Moment at 

0.30Pult. 

(kN.m) 

Moment at 

0.90Pult. 

(kN.m) 

B1 375 457.67 29 64.38 12.93 2.22 109.84 329.52 

B2 385 459.93 30.45 67.04 12.64 2.2 110.38 331.15 

B3 185 220.29 28 74.3 6.61 2.65 52.87 158.61 

B4 181 209.11 29.9 62.17 6.05 2.08 50.19 150.56 

B5 100 134.44 36 135.22 2.78 3.76 32.27 96.80 

B6 99 117.69 34.5 78.016 2.87 2.26 28.25 84.74 
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Table 5.  Failure mode sequence for each test specimen. 

 
Table 6.  Section properties of tested specimens 

Beam 

ID 

YN.A.at 

0.30Pult. 

(mm.) 

Curvature 

(ψ) x 10-6
 

at 0.30Pult. 

(1/mm) 

IE1 (mm4) 

x10
4
 (Exp.) 

Section 

modulus 

(Supper) 

(mm
3
) x 

10
4
 

Section 

modulus 

(Slower) 

(mm
3
) x 

10
4
 

YN.A.at 

0.90Pult. 

(mm.) 

Curvature 

(ψ) x 10-6
 

at 0.90Pult. 

(1/mm) 

Flexural 

Stiffness at 

0.30Pult 

(kN.mm
2
) x 

10
-6

 

Flexural 

Stiffness 

at 0.90Pult 

(kN.mm
2
) 

x 10
-6

 

B1 126.78 1.29 17979.45 141.82 75.79 81.20 7.88 85431.73 41807.6 

B2 130.80 1.34 18431.39 140.91 79.04 82.60 8.24 82504.08 40166.1 

B3 120.45 2.20 9324.62 77.41 51.93 79.31 10.84 24031.64 14627.3 

B4 123.26 2.15 9050.27 73.43 51.21 79.75 10.42 23342.51 14449.1 

B5 82.85 3.44 3831.80 46.25 22.92 51.97 24.34 9379.53 3976.8 

B6 81.05 3.21 3978.58 49.09 23.55 50.87 23.00 8804.74 3684.2 

 

Modes of failure 

For Beams B1 and B2 

The steel section yielding was started at the bottom flanges of 

both beams B1 and B2 at mid-span at the same yield load of 

375 kN. The loading capacity of both beams kept increasing, 

where larger regions of the steel cross-section underwent 

yielding. The cracks appear in B1 provided with a channel 

shear connector after B2 provided with an angle shear 

connector. The underside transverse concrete cracks occurred 

at 390 kN and 360 kN for beams B1 and B2, respectively, as 

shown in Fig.11(a). The spread of transverse concrete cracks 

depends on the neutral axis depth. It should also be noted that 

longitudinal cracks were observed at beams B1 and B2 just 

before failure at 420 kN and 450 kN, respectively, as shown in 

Fig.11(b). The width of the longitudinal cracks and the 

underside tensile cracks was increasing until the end of the 

test. The maximum width of the longitudinal cracks was equal 

to 6 mm and 6.5 mm at the beam’s mid-span for B1 and B2 

beams, respectively. These longitudinal cracks were attributed 

to the increase in the slip values at the ultimate load in the 

beams B1 and B2. The recorded slip values at ultimate for 

beams B1 and B2 were 0.49mm and 0.53 mm, respectively, as 

shown in Fig.10(a). For beams B1 and B2, no crushing in 

concrete slab was observed until the beams achieved the 

ultimate load of 457.67 kN and 459.93 kN. The failure of 

beam B1 occurred at quite smaller mid-span deflection (64.38 

mm) than that of the beam B2 (67.04 mm), which indicates 

that beam B1 is slightly ductile than beam B2, as shown in 

Fig.8(a). This is also reflected by the ductility indices of both 

beams, which are 2.22 and 2.2 for beams B1 and B2, 

respectively, which indicates that both beams have almost the 

same ductility level. 

 

For Beams B3 and B4 

Failure of both beams B3 and B4 was initiated by yielding of 

the steel cross-section. After the initiation of yielding at the 

lower steel flange, transverse tensile cracks were observed at 

the underside of the concrete slab at 200 kN and 170 kN for 

beams B3 and B4, respectively, as shown in Fig.11(a), which 

indicates an upward shift of the neutral axis inside the 

concrete slab. Longitudinal crack is also observed in the 

middle of the slab near the support for B3 and B4 beams at 

210 kN and 195 KN, respectively, as shown in Fig.11(b). The 

longitudinal crack propagated towards the beam’s mid-span, 

where the width of the longitudinal crack kept increasing, 

which was associated with an increase in the mid-span 

deflection. The maximum width of the longitudinal cracks was 

equal to 3 mm and 4.6 mm at the beam’s mid-span for B3 and 

B4 beams, respectively. No crushing in concrete slab was 

observed for both beams B3 and B4 until the beams achieved 

the ultimate load of 220.29 kN and 209.11 kN, respectively. 

The recorded slip values at ultimate load for beams B3 and B4 

were 0.47 mm and 0.52 mm, respectively, as shown in 

Fig.10(b). At failure load, beam B4 exhibited smaller mid-

span deflection (62.17 mm) than that of beam B3 (74.3 mm), 

as shown in Fig.8(b). The ductility indices for beams B3 and 

B4 are 2.65 and 2.08, respectively, which indicates that beam 

Beam ID 

Concrete Slab Failure Mode-load Steel yield 

Failure 

Load (KN) 

Underside 

transverse cracks 

(kN) 

Longitudinal 

cracks (kN) 

Deflection 

(mm) 

Slip value at 

yield 

(mm) 

Slip value at 

ultimate 

(mm) 

Yield load 

(kN) 

B1 457.67 390 420 64.38 0.23 0.49 375 

B2 459.93 360 450 67.04 0.33 0.53 385 

B3 220.29 200 210 74.27 0.2 0.47 185 

B4 209.11 170 195 62.17 0.26 0.52 181 

B5 134.44 110 120 135.22 0.16 0.52 100 

B6 117.69 100 110 79.02 0.17 0.57 99 
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B4 is less ductile than beam B3 by 21.5% as a result of using 

the angle as a shear connector. 

For Beams B5 and B6 

Transverse tensile cracks were observed at the underside of 

the concrete slab, after the initiation of yielding at the lower 

steel flange, as shown in Fig.11(a), where the cracking load 

for beams B5 and B6 was 110 kN and 100 kN, respectively. 

This indicates an upward shift of the neutral axis inside the 

concrete slab. The longitudinal cracks were observed along the 

centerline of the concrete slab near the beam support and 

propagated towards the mid-span for both B5 and B6 beams at 

loads of 120 kN and 110 kN, respectively, as shown in 

Fig.11(b). The width of the longitudinal crack kept increasing 

with an increase in the mid-span deflection. The maximum 

width of the longitudinal cracks was equal to 1.6 mm and 2 

mm at the beam’s mid-span for B5 and B6 beams, 

respectively. Moreover, no concrete crushing was observed for 

both B5 and B6 beams until the beams achieved the ultimate 

load of 134.44 kN and 117.69 kN, respectively. For beams B5 

and B6, the horizontal displacement (slip) between the 

concrete slab and steel section was 0.52 mm and 0.57 mm, 

respectively, as shown in Fig. 10(c). At failure load, beam B6 

experienced smaller mid-span deflection (79.02 mm) than that 

of beam B5 (135.22 mm), as shown in Fig.8(c). The ductility 

indices for beams B5 and B6 are 3.76 and 2.26, respectively, 

which indicates that beam B6 is less ductile than beam B5 by 

39.9%. 

From the previous results, it can be seen that using different 

shapes of shear connectors has a slight effect on the yield and 

ultimate load, where all two pairs of tested beams have almost 

the same failure mode despite using different shapes of the 

shear connector. In addition, using a channel shear connector 

decreased the slip value than using an angle shear connector. 

For beam B1, it was found the slip value decreased by about 

25.8% than B2 at the yield load and by 7.5% at the ultimate 

load, as shown in Fig.10(a). For beam B3, it was found the 

slip value decreased by 23.1% than B4 at the yield load and by 

9.6% at the ultimate load, as shown in Fig.10(b). For beam 

B5, it was found the slip value decreased by 5.88% than B6 at 

the yield load and by 8.8% at the ultimate load, as shown in 

Fig.10(c). 

Effect of the slenderness ratio of the steel beam 
In this section, the effect of the slenderness ratio (L/rs) of the 

steel beam is examined with beams provided with angle and 

channel shear connector. Fig. 12 shows a relationship between 

the percentage increase in the ultimate load of beams provided 

with a channel to angle shear connector to the slenderness 

ratio of the steel section. It can be noticed that, the difference 

in the ultimate load increases as the beam's slenderness ratio 

increases for beams provided with channel shear connectors 

than that of angle shear connectors. Moreover, Fig.12 shows 

that the percentage increase in the ultimate load for beam B5 

to B6, with a steel section slenderness ratio of 70.90, is 

14.23%. On the other hand, there is almost no difference in the 

ultimate load between B1 to B2, with a steel section 

slenderness ratio of 42.20, which indicates that the type of 

shear connector affects the ultimate load capacity of the SCC 

beams in the case of steel beams with high slenderness ratio. 

This is attributed to the close location of the neutral axis of the 

SCC beams to the concrete slab, where the longitudinal crack 

width appeared in the top of the concrete slab affects the load 

capacity of the beam. Fig. 13 shows the relationship between 

the longitudinal crack width at the top of the concrete slab and 

the slenderness ratio of the steel beam. It can be noticed that, 

the width of the longitudinal crack for beams provided with an 

angle shear connector is wider than that of beams provided 

with channel shear connector. This is attributed to the higher 

uplifting movement in case of using angle than that of using 

channel shear connectors. Although, Fig. 13 shows that the 

longitudinal crack width decreases as theslenderness ratio of 

the beam increases, the ultimate load is affected in the case of 

using a steel beam with a high slenderness ratio. Which, 

reconfirming that the close location of the neutral axis to the 

concrete slab affects the ultimate load despite the value of the 

width of the longitudinal crack.  

Calculation of the effective width of the concrete slab 

The effective concrete slab width is calculated based on the 

measured experimental load and deflection values in the 

elastic stage. Experimental load and deflection values for each 

SCC beam are used to find the experimental moment of 

inertia. The experimental moment of inertia is used to find the 

effective slab width based on the ANSI/AISC 360-15, the 

CAN/CSA S16-14 and the Eurocode 4; CEN 2004, through 

using Eqs. (8), (9) & (10), respectively. The effective concrete 

slab width for each SCC beam is determined using the 

moment of inertia equations, as shown in Table 7. The 

experimental calculated effective slab width according to the 

previously mention codes are compared with the codes limit 

and Lasheen equation [20], as shown in Fig.14 and Table7. 

Lasheen equation is applied to the samples to calculate the 

concrete slab's effective width. The general formula for the 

effective width-to-span ratio (Bes/L) at service loads in terms 

of the slenderness ratio (L/rs) of the steel beam for each slab 

width-to-span ratio (Bs/L) is expressed by Eq. (15). 

(15) 

Where Bs is the available slab width in mm, and “K” is a 

factor depending on the slab width-to-span ratio. The factor 

“K” increases as the slab width-to-span ratio increases. The 

effect of the slenderness ratio of the steel beam on the 

effective slab width becomes obvious at higher slab width-to-

span ratios. The steel beam can utilize larger effective 

concrete slab width depending on its slenderness ratio. The 

factor “K” can be expressed by Eq. (16). 

 (16) 

Figure 14(a) shows the value of the effective slab width based 

on the experimental data, Lasheen equation and the codes 

limit versus the slenderness ratio of each beam for beams 

provided with channel shear connector. While, Figure 14(b) 

shows the 
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(a) 

Beams B1 & B2                                                                                 (b) Beams B3 & B4 

 

 

 

 

 

 

 

(c)Beams B5 & B6 

Fig.7. Load versus strains at the steel lower flange (εs3) 

 

 

 

 

 

 

 

(a) Beams B1 & B2                                                                                             (b) Beams B3 & B4 

 

 

 

 

 

 

 

(c) Beams B5 & B6 
Fig.8. Load-deflection curves of all tested beams. 
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                         (a) Beams B1 & B2                                                                                        (b) Beams B3 &B4  

 

 

 

 

 

 

 
(c) Beams B5 &B6                                                                                

Fig.9. Load versus upper and lower strains (εc1, εc5) of concrete slab 

 

                         (a) Beams B1 & B2                                                                                        (b) Beams B3 &B4 

 

 

 
 

 

 

 

 

(c) Beams B5 &B6    

Fig.10. Load versus slip of concrete slab for all beams 
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(a)   (b) 

Fig.11.  Typical crack pattern & the failure of specimens with the channel and the angle shear connector. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12. Relation between the slenderness ratio of the steel beams and the percentage of increase of ultimate load. 

 
Fig.13.  The relation between the slenderness ratio of the steel beams and the longitudinal crack width. 
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effective slab with values versus the slenderness ratio of each 

beam for beams provided with angle shear connector. It can be 

noted that, all beams exhibited the same trend as Lasheen 

equation [20], where the effective slab width for SCC beam 

provided with channel or angle shear connectors decreases as 

the slenderness ratio of the steel section increases. Also, it can 

be noted that the maximum difference between the effective 

width value calculated from the moment of inertia equation 

according to codes limit based on the experimental data and 

lasheen equation is 14% approximately, while this value 

reaches 30% when the experimental effective width is 

compared to codes limit. Which indicates that Lasheen 

equation can be used to determine the effective slab width for 

mono symmetric steel sections provided with either channel or 

angle shear connector.  

 

Table 7. Effective slab width at service load levels according to ANSI/AISC 360-15, CAN/CSA S16-14 and Eurocode 4; CEN 2004, 

Lasheen Equation, and Codes limits. 

 

 

(a)Beams with channel shear connector                                                      (b) Beams with angle shear connector 
Fig.14.The relation between the slenderness ratio of the steel beams and the effective width of the concrete slab. 

Conclusions 

This study has shown that the size of the steel beam expressed 

by its slenderness ratio (L/rs) affects the value of the effective 

slab width in the mono-symmetric steel section. The following 

conclusions are drawn: 

1.The shape of the shear connector provided at the top flange 

of the steel beam does not affect the beam behaviour at the 

elastic stage. 

 

2.The use of angle shear connector reduces the ultimate load 

capacity of SCC beams in a range of 14% than that of beams 

provided with channel shear connector, for steel beams with 

higher slenderness ratio. On the other hand, the type of the 

shear connector does not affect the ultimate load capacity for 

SCC beams with large steel section size. 

 

3.Beams provided with channel shear connectors are more 

likely to be more ductile than that beams provided with angle 

shear connectors. The difference in ductility indices become 

more obvious for beams with higher slenderness ratio, where 

the ductility index is enhanced by 39.9% in case of beams 

provided with channel shear connectors. 

 

4.The width of the longitudinal crack at the top of the concrete 

slab for beams provided with an angle shear connector is 

wider than that of beams provided with channel shear 

connector. This is attributed to the higher uplifting movement 

in case of using angle than that of using channel shear 

connectors. 

 

5.The shape of the shear connector does not affect the 

effective width of the concrete slab.  

6.The effective slab width for mono symmetric steel section 

decreases as the slenderness ratio of the steel beam increases 

which reconfirms lasheen`s findings [16,20]. 
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