
























































































































































































































































































































































































































































































Chapter 7 

enhancement of 10%, 15%, 17% and 20% was observed for concrete grades of C 12, 

C20, C30 and C40 respectively when the sheeting thickness was changed from 0.9 

mm to 2 mm. An increase of 20-25% and 15% in the strength was observed in case of 

central and favourable single shear studs respectively and only 8% increase was noticed 

for double favourable studs with change in sheeting thickness from 0.9 mm to 2 mm. 
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Figure 7.29 Load versus sheeting thickness curve for unfavourable single stud 
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Figure 7.30 Load versus sheeting thickness curve for central double studs with a 
transverse spacing of 100 mm 
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The reason for 20% increase in the strength when the sheet ing thickness is changed 

from 0.9 to 2 mm for central shear stud having a transverse spacing of 200 mm and a 

concrete grade of C40 is that the strong concrete (C40) and the thin stecl deck (0.9mm) 

lead to fomlation of concrete fa ilure cones only in front of the stud and concrete behind 

the shear stud remains undamaged as shown in Figure 7.3 1 (a); on the o ther hand , when 

the concrete is strong (C40) and the steel deck is thick (2 mm ), concrete fai lure cones 

develop in the entire rib as shown in Figure 7.3 1 (b) and resultantl y larger failure cones 

lead to an increase in the shear stud strength. Some crack ing at thc shall ow part of the 

concrete slab also occurred near the free end as indi cated by the tensil e damage variable 

in Figure 7.31 (b). But still the shear connector resistance of the central stud (C40 TS 

200 t = 2 mm) is 3% less than the strength of the cOlTespondi ng favourable stud , as 

shown in Table 7.3, on account of less area of concrete fa ilure cones. 
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(a) C40 TS 200 t = 0.9 mm 

(b) C40 TS 200 t = 2 mm 

Figure 7.31 Comparison of tensile damage for push test with central studs hav ing 
transverse spacing of200 mm and a concrete grade ofC40 

The stress contours of the profiled sheeting fo r the push test with central double studs 

having a transverse spacing of 200 mm and a concrete grade of C40 are plotted in 

Figure 7.32. It can be observed in Figure 7.32(a) that the web and bottom flan ge of the 

profiled sheeting show a clear bulge behind the shear stud in the direction opposite to 
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the applied shear loading for the push test wi th centra l double studs hav ing 0 .9 mm 

thick steel deck and C40 concrete grade. It ind icates that the steel deck plays a ro le in 

addition to the concrete strength in contributi ng to overall shear connector res istance 

when concrete is strong and steel deck is th in for central double studs. Conversely, fo r 

the same push test with a sheeting thickness of 2 mm, the steel deck does not deform as 

much as it does in case of 0.9 mm thick steel deck as shown in Figurc 7.32(b). 

However, some lifting of the steel deck is observed in the loaded direction of the shear 

stud near the free end. This shows that when the steel deck is thi ck then it prov ides an 

extra confinement to the concrete slab and as a resul t concrete fa ilure cones are 

developed. 

Loaded end 

5, Mises 
SNEG, (fraction = -1.0) 
(Avg : 75%) 
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+2.333e+02 (a) C40 TS 200 t = 0.9 mm 
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+8 .7S0e+Ol 
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+2.917e+Ol 
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Lifting of deck 

(b) C40 TS 200 t = 2 111m 

Free end 

Free end 

Figure 7.32 Comparison of steel deck stress contours for push test with centra l studs 
having a transverse spacing of 200 mm and a concrete grade of C40 

7.4.4. Strength prediction equations for unfavourable and central studs 

At the moment, there are no guidelines avai lable in Eurocode 4 for shear studs placed in 

unfavourable and central locations. Therefore, a linear regress ion analysis of the push 

test results in unfavourable locations having both single and double studs wi th 

transverse spacings of 80, 100, 150 and 200 mm is carried out and Equati ons 7.1 to 7.3 
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are proposed. In Equation 7.1 PU-EQ represents the predicted strength of the shear 

connector placed in the unfavourable position either as double or single stud in a 

sheeting pan, PF(O.9t) denotes the shear connector resistance of the favourable stud with a 

profiled sheeting thickness of 0.9 mm and t is the thickness of the steel deck in mm. For 

the shear connector resistance of single and double studs placed in the central position 

Equations 7.2 and 7.3 are proposed. In Equations 7.2 and 7.3 PCS-EQ and PCD-EQ denote 

shear connector resistance of single and double studs placed centrally in a deck rib, and 

all other parameters are same as those of Equation 7.1. The factors a and P can be 

obtained from Table 7.4, which are based on the average ratio of the unfavourable over 

favourable and the central over favourable load per stud from Table 7.3 for different 

concrete grades having a sheeting thickness of 0.9 mm. 

Concrete 

Grade 

C12 

C20 

C30 

C40 

PU - EQ = a x PF (O.91) x (0.38t + 0.66) 

Pes-EQ = P X PF(O.91) x (0.251 + 0.78) 

PeD- EQ = P x PF(O.91) x (0.16/ + 0.87) 

Table 7.4 Determination of factors a and P 

(7.1) 

(7.2) 

(7.3) 

Factor, a Factor, P 

Double Ilouble 
Single Stud 

Studs 
Single Stud 

Studs 

0.85 0.94 0.99 0.98 

0.81 0.87 0.94 0.96 

0.76 0.79 0.9 0.90 

0.73 0.77 0.86 0.88 

The suitability of the equations proposed in this study for calculating the shear 

connector resistance of the unfavourable and central studs is assessed by plotting the 

experimental versus predicted shear stud strengths, drawing the best-fit line and 

determining its coefficient of correlation, R. This coefficient measures the degree to 

which the measured and predicted values agree to each other and it is used as a measure 

of the accuracy of future predictions. The experimental shear stud strengths obtained 
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from push tests with a single stud per rib placed in the unfavourable position are 

compared with stud strengths predicted by Equation (7.1) developed in this study for 

unfavourable position studs in Table 7.5. The load per stud obtained from different 

experiments, PU-fest in Table 7.5 is plotted against the load per stud obtained from 

Equation (7.1), P U-EQ for push tests with an unfavourable single stud per rib as shown in 

Figure 7.33. 
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Figure 7.33 Experimental versus predicted load per stud for unfavourable single stud 

The coefficient of correlation, R of the best-fit line of the comparison between the 

experimental and predicted results is 0.991 as shown in Figure 7_33 , which indicates 

that the results obtained from proposed Equation (7.1) agree quite well with the 

experimental results for a single stud placed in the unfavourable location. In addition, 

the mean and coefficient of variation of the predicted results are 1.00 and 3.5% 

respectively. This also shows that the predicted values do not vary much from the mean 

of the values. 
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Table 7.S Comparison of shear connector strength from experiments and developed equations for push tests with unfavourable single stud 

Stud Details Deck details Average Average 
Load per 

Concrete Experimental Experimental 
Compressive Load for Load for 

stud from 
Pu-test l 

Series 
Strength, Size Average 

Favourable Unfavourable 
developed 

P U-EQ 
Tested by 

Height, hp rib Thickness, equation /cm (MPa) d xhsc (mm) width, b" t(mm) position stud, position stud, 
Pu-EQ(kN) (mm x mm) (mm) PF-test(kN) Pu-usr(kN) 

I 

Dl&D3 30.6 13 x 100 50 150 0.9525 39.0 32.0 31.8 1.01 

D4&D5 20.1 16 x 100 50 150 0.9525 61.7 55.7 53.6 1.04 

D7&D9 40.6 13 x 100 50 150 0.9525 40.0 31.6 30.7 1.03 

DI0& D12 48.8 19 x 100 50 150 0.9525 89.7 68.3 67.0 1.02 

D13& DIS 32.5 16 x 100 50 150 0.9525 64.6 49.4 51.4 0.96 

D16& D18 27.1 10 x 100 50 150 0.9525 24.4 19.9 20.1 0.99 Rambo-Roddenberry 
(2002) 

D17 & D19 27.1 22 x 100 50 150 0.9525 71.2 58.3 58.9 0.99 i 

D20& D22 36.1 10 x 127 76 150 0.9525 35.0 27.5 26.3 1.05 

D21 & D23 36.1 22 x 127 76 150 0.9525 60.5 50.2 47.6 1.05 

D26&D28 34.5 19 x 100 50 150 0.9525 66.7 53.4 53.2 1.00 

D27 &D29 34.5 19 x 100 50 150 0.9525 99.1 76.2 77.8 0.98 

G1F&G5U 35.0 19 x 125 80 140 1.2 91.9- 69.2 72.3 0.96 Johnson & Yuan (1998) 

- 31.5 19 x 127 76 150 0.9 83.7 60.3 63.8 0.95 Easterling et 01 (1993) 

Mean 1.00 

COY 3.5·/. 
- -- .-

Note: *PF(O.9t) for this test was determined from fmite element analysis as 80 kN. 

- 225-



Chapter 7 

Table 7.6 Comparison of shear stud strength from FE analysis and developed equations for push tests with central studs and unfavourable stud pairs 

Stud 
Deck details 

Concrete Details 

Ref. 
Strength Size Average PF-Iest PUD-FE PCD-FE PCS-FE P U-EQ PCD-EQ PCS-EQ PUD-FE PCD-FEI Pcs-FEI Tested by , fem dxhsc 

Height, 
rib 

Thickn (kN) (kN) (kN) (kN) (kN) (kN) (kN) I P U-EQ PCD-EQ PCS-EQ 
(MPa) (mmx 

hp 
width, bo 

ess, t 

mm) 
(mm) 

(mm) 
(mm) 

D2 30.6 13 x 100 50 150 0.9525 36.9 30.8 35.1 - 32.0 35.5 -- 0.96 0.99 --
D6 20.1 16 x 100 50 150 0.9525 52.8 49.8 52.6 -- 50.6 52.7 -- 0.98 1.00 --

D8 40.6 13 x 100 50 150 0.9525 43.8 33.2 37.7 -- 34.8 40.0 -- 0.95 0.94 -

D11 48.8 19 x 100 50 150 0.9525 68.4 54.4 62.3 -- 53.7 61.4 1.01 1.01 --

D14 32.5 16 x 100 50 150 0.9525 65.4 53.5 63.2 - 55.6 62.7 - 0.96 1.01 - Rambo-
Roddenberry 

Dl 30.6 13 x 100 50 150 0.9525 39.0 -- - 38.1 - - 37.0 - -- 1.03 (2002) 

D4 20.1 16 x 100 50 150 0.9525 61.7 - -- 62.4 - - 61.7 - - 1.01 

D7 40.6 13 x 100 50 150 0.9525 40.0 - - 38.9 - - 36.3 - - 1.07 

DI0 48.8 19 x 100 50 150 0.9525 89.7 - - 79.8 - - 78.7 - - 1.01 

D13 32.5 16 x 100 50 150 0.9525 64.6 - - 63.8 - - 60.6 - - 1.05 

i Mean 0.98 0.99 1.04 

COY 2.5% 2.9% 2.5% 

Note: P F4est = Average experimental load for favourable position stud, PUD-FE = FE load for unfavourable position stud placed in pairs, P CD-FE = FE load for central position stud 
placed in pairs, PC-FE = FE load for centra] position stud placed as single stud per rib 
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Due to limited research in case of unfavourable pairs of shear connectors and central 

studs, a combination of experimental and numerical shear stud strengths are used to 

assess the accuracy of the equations developed in this study for unfavourable pairs of 

studs and central studs. The predicted shear stud strengths and the results obtained from 

the finite element analysis for unfavourable double shear studs and shear studs placed in 

the central position both as single and in pairs are presented in Table 7.6. The mean of 

the numerical over predicted results is very close to 1 with coefficient of variation 

ranging from 2.5% to 2.9%, which suggests the equations developed in this study give 

reasonable estimate of the shear connector strength for shear stud placed in the central 

location, and in the unfavourable position as double studs per rib. 

7.4.5. Effect of shear stud position in a deck rib 

The position of the shear stud in a sheeting rib is described as favourable or 

unfavourable depending on which side of the central stiffener it is welded, or as central 

if it is welded centrally to the profiled sheeting rib. The position of the shear stud is 

defined in terms of the distance, emid-ht from mid height of the profiled sheeting rib. The 

term emid-ht is the distance from the edge of the shear stud shank to the mid-height of the 

steel deck rib in the direction of the applied shear loading as shown in Figure 7.34. For 

the profiled sheeting used in this study, the values of emid-ht equal to 106 mm, 65.5 mm 

and 25 mm represent favourable, central and unfavourable studs respectively. 

Concrete slab 

emid-hl ... __ V_ 

Steel 
deck -~~ 

Beam 

c===~~~======~==~=======~~=::::::J/ flange 
Favourable Central Unfavourable 

Figure 7.34 Shear stud in favourable, central and unfavourable position 

To study the effect of the stud position, a parametric study was conducted for both 

double and single studs placed in unfavourable, central and favourable positions. The 

load versus stud positions (expressed in terms of distance emid-ht) for a transverse spacing 

ofl00 mm and a sheeting thickness of 0.9 mm is plotted in Figure 7.35. It indicates that 
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as the distance of the shear stud increases from the mid-height of deck rib in the load 

bearing direction of the stud, the strength of the shear connector increases. The strength 

of the unfavourable stud is reduced by 4, 12, 20 and 22% as compared with the 

favourable stud for concrete grades of C 12, C20, C30 and C40 respectively. It means 

that the strength of the shear stud in the unfavourable position does not increase in the 

same proportion as it does for the favourable stud when the concrete strength is 

increased. Alternatively, the results suggest that the strength of the unfavourable stud is 

primarily a function of the strength and thickness of the profiled sheeting rather than the 

concrete strength. 

The strength of central studs is reduced by I , 2, 9 and 9% as compared to favourab le 

studs for concrete grades of C 12, C20, C30 and C40 respectively as shown in 

Figure 7.35 . The failure patterns suggest that for the push test with concrete grades of 

C 12 and C20, the concrete failure cones fonn in both of the profiled sheeting ribs, 

which is the reason for similar strength of the central stud to that of the favourable stud. 

However, in case of C30 and C40 concrete grades with central studs, the complete 

concrete failure cones develop only in one of the deck rib, whi le a partial concrete 

failure cone is observed in the other rib, which is why the strength of central studs is 9% 

less than that of favourable studs. 
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Figure 7.35 Load versus stud position curve for double stud with a transverse spacing 
of 100 mm and sheeting thickness 0.9 mm 
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The load versus stud position curve is plotted for double studs with a transverse spacing 

of 200 mm and a sheeting thickness of 0.9 mm in Figure 7.36. In case of unfavourable 

studs, the shear connector resistance is reduced by 12, 18, 23 and 27% as compared to 

the favourable stud for C 12, C20, C30 and C40 concrete grades respectively. For central 

studs, the strength is decreased by 3.6, 8, 12 and 16.6% in comparison with the 

favourable stud. In case of a single stud in unfavourable and central positions, almost 

similar reduction in strength is observed as that of double studs with a transverse 

spacing of 200 mm and a sheeting thickness of 0.9 mm. For favourable studs, the 

increase in transverse spacing results in formation of larger concrete failure cones, and 

thus increase in shear connector resistance. While in case of unfavourable studs, the 

increase in transverse spacing results in longer strip of concrete available to be crushed 

under the application of the applied shear loading and resultantly the shear connector 

resistance also increases. For unfavourable stud with C 12 concrete grade, this narrow 

strip crushes more easily as compared to the high strength concrete resulting in 12% 

lesser shear connector resistance than the favourable stud, which is almost three times 

more than the difference of 4% observed in the stud with a transverse spacing of 

100 mm. For C40 concrete grade this difference is 27%, which is only 5% more than the 

difference of 22% in case of the transverse spacing of 100 mm. This suggests that the 

steel deck fails in case of C40 concrete grade and crushing of the narrow strip of 

concrete in front of the stud is less than that of C 12 concrete grade. 
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Figure 7.36 Load versus stud position curve for double stud with a transverse spacing 
of200 mm and a sheeting thickness 0.9 mm 
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The load versus stud position curve is plotted for double studs with a transverse spacing 

of 100 mm and a sheeting thickness of 1.5 mm in Figure 7.37. The strength of the 

unfavourable double studs is increased by 12% and 4 % for C 12 and C20 concrete 

grades and is decreased by 5% and 11 % for C30 and C40 concrete grades as compared 

to favourable double studs. The strength of central double studs is almost similar to 

favourable double studs as shown in Figure 7.37. Generally, push tests with 

unfavourable studs fai ls by steel deck fai lure rather than concrete failure, and as a result 

the strength of the unfavourable stud is less than the favourable stud. However, in case 

of C12 concrete grade with 1.5 mm thick steel deck, the fa ilure patterns are 

characterised by not only rib punching but fonnation of concrete cones as well. For this 

reason, the shear connector resistance of the unfavourable stud with C 12 concrete grade 

and 1.5 mm thick steel deck is 12% higher than the favourable stud . 
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Figure 7.37 Load versus stud position curve for double stud with a transverse spacing 
of 100 mm and a sheeting thickness 1.5 mm 

The load versus distance from the edge of the stud to the mid-height of the steel deck is 

plotted for double studs with a transverse spacing of 200 mm and a sheeting thickness 

of 1.5 mm in Figure 7.38. The unfavourable double studs exhibited a reduction of 4, 6, 

11 and 14% as compared to the favourable double studs for C 12, C20, C30 and C40 

concrete grades respectively. This difference is less than the one observed in the same 

push test arrangement with a sheeting thickness of 0.9 mm as shown in Figure 7.36. On 

account of 1.5 mm thickness of the profiled sheeting, the reduction in the strength of the 
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unfavourable double studs in relation to the favourable double studs is less than that for 

the unfavourable double studs in 0.9 mm thick steel deck. 
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Figure 7.38 Load versus stud position curve for double stud with a transverse spacing 
of 200 mm and a sheeting thickness 1.5 mm 

7.4.6. Ductility of the shear connector 

The double shear connectors placed in the favourable position showed average slip of 

1.5, 2, 2.5 and 3 mm for C12, C20, C30 and C40 concrete grades, which remained 

unchanged with variation of the sheeting thickness. For a single stud in the favourable 

position, a slip of 3-3.5 mm was observed for all concrete grades and sheeting 

thicknesses. It was observed that the sheeting thickness did not affect the ductility of the 

shear connector placed in the favourable location. The double shear connectors placed 

in the unfavourable position had average slips of 4, 5, 6 and 6 mm for C 12, C20, C30 

and C40 concrete grades respectively with a sheeting thickness of 0.9 mm. In case of 

unfavourable double studs with 1.5 mm thick steel deck, the average slip increased to 

5.5, 7, 7.4 and 8.6 mm for C12, C20, C30 and C40 concrete grades respectively. The 

slip observed in double studs in the unfavourable position was almost 2-4 times more 

than the slip obtained from the push test with double favourable studs. 

The single shear stud in the unfavourable position exhibited slips of 8.5, 10, I I and 13 

mm for C12, C20, C30 and C40 concrete grades respectively with 0.9 mm thick steel 

deck, which is almost 3 to 3.5 times the slip observed in a single favourable stud. For 
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the unfavourable single stud in 1.5 mm thick profiled sheeting, average slips were 11, 

11.5, 12 and 13 mm for C12, C20, C30 and C40 concrete grades respectively, which 

were 3.7 times the average slip observed in the favourable single stud. In case of double 

studs in the unfavourable position, the transverse spacing of shear studs was also found 

to have an effect on the ductility of the shear connector. For unfavourable studs in 

1.5 mm thick profiled sheeting, the slip increased from 6 mm to 10.3 mm when the 

transverse spacing was changed from 80 mm to 200 mm. This proves that increase in 

the transverse spacing improves the ductility of the unfavourable shear connector. 

7.4.7. Failure modes of push tests with different stud positions 

Mostly, the push test with favourable shear studs failed by formation of concrete failure 

cones as shown in Figure 7.39. The concrete slab started to crack, characterised by the 

concrete tensile damage variable, near the underside of the head of the stud and 

progressing down the diameter of the stud, and thus forming a failure cone or wedge of 

concrete. As indicated by the concrete tensile damage variable in Figure 7.39, the 

concrete failure cones are clearly formed around the stud shaft. Some cracking in the 

shallow part of the concrete slab is also observed near the region where it was bedded to 

the ground. In the favourable position, some buckling and lifting of the steel deck were 

also noticed as shown in Figure 7.39 with concrete slab removed for clarity. 
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Buckling of deck 

Lifting of deck 

Figure 7.39 Typical failure modes for push tests with favourable position studs 

The push test with central studs also failed by fonnation of concrete failure cones. A 

complete failure cone fonned in a rib near the loaded end of the beam and a partial 

concrete cone developed around the stud in a rib near the free end as shown in 

Figure 7.40. For central studs, the steel deck experienced buckling at the back of thc 

shear connector in the direction opposite to the applied shear loading. The bottom flan ge 

of the profiled sheeting also exhibited some bulging in case of central studs as shown in 

Figure 7.40, where the concrete slab has been removed for clarity. 
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Concrete failure cones 

Buckling of deck 

Figure TAO Typical failure modes for push tests with centrally placed studs 

The failure mode of unfavourable studs was more ducti le than that of central and 

favourable studs. The push test with unfavourable studs failed by crushing of the narrow 

strip of the concrete in front of the shear stud in its loaded direction and punching of the 

shear connector through the adjacent web of the steel deck, more commonly known as 

"rib punching", and eventual tearing of the web of the profiled sheeting as shown in 

Figure 7 AI . It was found that the strength of the shear connector in the unfavourable 

position was more dependent on the strength and thickness of the steel deck rather than 

the concrete strength. This suggests that the strength of the shear stud in the 

unfavourable position is primarily a function of the strength and thickness of the steel 

deck. However, the strength of concrete cannot be ignored altogether, as crushing of the 

narrow portion of concrete slab in front of the shear stud in the unfavourable position 

contributes to the strength of the stud to some extent. 
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Loaded end 

Narrow strip of damaged concrete 

Buckling of deck 

Figure 7.41 Typical failure modes for push tests with unfavourable position studs 

7.4.8. Summary and conclusions 

The validated three-dimensional finite element model is used in the parametric study to 

investigate the influence of shear stud position and thickness of the steel deck on the 

strength, ductility and failure patterns of the headed shear stud welded as single and 

double studs in the modem profiled sheeting. A total of 240 push tests were analysed 

using ABAQUS/Explicit with different sheeting thicknesses, positions of the shear stud 

in a trough, concrete strengths and transverse spacings. 

It was found that an increase in the sheeting thickness enhanced the shear connector 

resistance of the unfavourable stud more than the favourable and centrall y placed studs. 

The shear connector resistance increased by approximately 30%, 15% and 8% for 

double studs in unfavourable, central and favourable positions respectively when the 

sheeting thickness was increased from 0.9 mm to 2 mm. An increase of 30%, 20% and 

15% in the shear capacity of the single stud was observed for unfavourable, ccntral and 

favourable positions respectively with a change in the steel deck thickness from 0.9 mm 

to 2 mm. The equations for predicting the shear connector resistance of thc 

unfavourable and central studs were also proposed. The statistical analysis of the 

proposed equations showed that the push test results obtained from experiments 

compared well with the stud strength predicted through these equations 
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The results of push tests with the unfavourable, central and favourable studs show that 

the strength of the shear connector increases as the distance of the shear stud increases 

from the mid-height of the deck rib in the load bearing direction of the stud. The load­

slip behaviour of unfavourable studs was more ductile than that of favourable and 

central studs. The slip of the unfavourable stud was found to be 2-4 times the slip of the 

favourable stud. The sheeting thickness did not have any influence on the ductility of 

the favourable stud. However, the sheeting thickness and transverse spacing were found 

to have improved the ductility of the unfavourable stud. An increase in the concrete 

strength resulted in more ductile behaviour of the shear stud. The failure modes 

suggested that predominantly, the push tests with favourable and central studs failed by 

fonnation of concrete failure cones. Push tests having unfavourable studs failed by 

crushing of the narrow strip of concrete in front of the shear stud in its load bearing 

direction and punching of the stud through the adjacent web of the profiled sheeting. 

- 236-



Chapter 8 

Chapter 8 

Conclusions and future work 

- 237-



Chapter 8 

8.1. Conclusions 

Chapter 8 
Conclusions and future work 

The behaviour of headed stud shear connectors in composite beams with trapezoidal 

profiled sheeting laid transverse to the axis of the beam has been studied through 

experimental and numerical investigations. Following conclusions can be drawn from 

this study: 

1. The most important contribution of this research study is the development of a 

three-dimensional finite element model to study the behaviour of headed stud 

shear connectors in steel-concrete composite beams with profiled sheeting. The 

model developed in this study is different in a number of ways from the models 

used previously by many researchers. It can accurately predict the shear 

connector resistance and slip at failure together with failure modes of push tests 

including stud shearing, concrete cone failure and rib punching as against 

previous finite element models where it was only possible to predict the shear 

connector resistance and concrete related failure modes. The separation of the 

steel deck from the concrete slab, which helped in accurate determination of 

failure modes, was also modelled in this study which was ignored in previous 

studies. Although, the finite element model developed in this study predicted 

well the maximum failure load, slip at failure and failure mechanisms of push 

tests, it overestimated the ductility of the shear connector beyond peak load. 

2. The choice of an appropriate analysis procedure, and material model for 

concrete was made by trying different material models and analysis procedures 

available in ABAQUS. As failure of the push test is predominantly concrete 

related, the use of a proper concrete material model is crucial for accurate 

modelling of the push test. The combined use of the Concrete Damaged 

Plasticity model and the dynamic explicit analysis procedure enabled post­

failure behaviour of the push test to be modelled, and as a result, the numerical 

results matched with the experimental results in terms of the maximum failure 

load, slip at failure and failure modes. It should be noted that the post-failure 
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behaviour of the push test with profiled sheeting has not been modelled in the 

past. 

3. The developed finite element model was validated extensively against 

experimental push test results and used in a parametric study to investigate the 

influence of shear connector spacing and layout, profiled sheeting thickness, and 

position of shear stud in a rib. The experimental data related to these parameters 

is either scarce or of limited scope. Moreover, no numerical study has so far 

been conducted to study the effect of these important variables. 

4. The shear connector resistance of double shear studs per rib increased with the 

increase in transverse spacing between them. The shear connector resistance of 

pairs of shear connectors per rib placed in the favourable position was found to 

be nearly equivalent to the shear connector strength of a single stud per rib when 

the transverse spacing between studs was 200 mm or more. I t suggested that 

individual failure cones formed around shear studs when they were sufficiently 

apart. However, the transverse spacing limit of 200 mm is only valid for 60 mm 

deep steel decks and 19x 100 mm long shear studs. It is, therefore, concl uded 

that pairs of shear connectors should be placed as farthest apart as practically 

possible. 

5. The results of the numerical analysis suggested that shear connectors placed in 

the unfavourable position were more ductile than favourable positioned studs; on 

the contrary, the shear connector resistance of studs in the unfavourable position 

was less than favourable positioned studs. Therefore, if two shear connectors per 

rib are to be used, a more beneficial arrangement, in terms of ductility, would be 

to use staggered layout of shear connectors by placing one stud each in the 

favourable and unfavourable location rather than placing studs side by side in 

the favourable position. In this way, the brittle behaviour of favourable studs is 

compensated by the ductile response of unfavourable studs. 

6. The results of the parametric study suggested that the increase in the sheeting 

thickness enhanced the shear connector resistance of the unfavourable stud more 

than the favourable and centrally placed studs. It was also shown that the 

strength of the shear stud placed in the unfavourable position depended more on 

the thickness of the profiled sheeting than the concrete strength. 
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7. At the moment, the Eurocode 4 equations for predicting the shear connecter 

resistance do not take into account the position of the shear stud within a rib. 

Keeping in view the fact that shear studs placed in unfavourable and central 

positions are weaker than the studs in the favourable position, the strength 

prediction equations for unfavourable and central studs have been proposed in 

this study. The proposed design equations are based on an extensive parametric 

study and are verified against experimental studies. However, more 

experimental push tests having different steel decks with studs in unfavourable 

and central positions should be conducted before these equations could be 

implemented in design codes. 

8. Locating the mesh directly on top of the steel deck or raised above the steel 

deck with a concrete cover of 30 mm from top surface of the concrete slab did 

not have any influence on the shear connector resistance. As push tests with a 

single stud per rib were used to study the effect of mesh position, this conclusion 

should be considered valid for the shear connector resistance of composite 

beams with a single stud per rib. Therefore, the common UK construction 

practice of positioning the mesh at a distance of 25-30 mm below the top surface 

of the concrete slab for fire design, crack control and longitudinal shear appears 

to hold true for composite beams with a single stud per rib. However, more 

testing is required to assess the validity of this conclusion for double studs per 

rib. 

9. The application of normal load of 10% of the horizontal shear load on top 

surface of the concrete slab in a single-sided horizontal push testing 

arrangement, in addition to the horizontal shear load, increased the strength of 

single and double shear studs by 40% and 23% respectively with no significant 

effect on the ductility of the shear connector. Similarly, using double layers of 

mesh resulted in 18% increase in the shear connector resistance as compared 

with a single layer of mesh, while no improvement in the ductility was observed 

with the use of double layers of mesh. 

10. Any lack of improvement in the ductility of the shear stud embedded in a 

profiled sheeting slab, despite trying different measures such as double layers of 

mesh, normal load, various push testing arrangements and reinforcement bar at 
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bottom trough, can be attributed to deficiency in the standard push test 

arrangement rather than the shear connection. It is recommended that the 

standard push test arrangement, which represents the real behaviour of 

composite beams with trapezoidal profiled sheeting, should be developed. 

8.2. Proposed future work 

Based on the results obtained from this study, following recommendations arc proposed 

for future work: 

1. The scope of the research conducted in this study is limited to push tests with 

60 mm deep steel deck. The recent availability of steel decks as high as 146 mm 

in the market makes it necessary to conduct some experimental studies involving 

very deep trapezoidal profiled sheeting and check the shear connector resistance 

of deep decks against available design code provisions. This study could be very 

useful as most of the design code provisions were developed using medium 

sized steel decks. 

2. The experimental data was most scarce for double studs in the unfavourable 

position, the effect of the position of the stud within a rib, thickness of the steel 

deck, lightweight concrete, higher number of shear studs in a rib and larger shear 

stud spacings. It is suggested that some push tests should be conducted to take 

into account the effect of these parameters on the performance of the headed 

shear stud. 

3. The composite beam tests and companion push tests using different decking 

profiles 50 mm, 80 mm and 146 mm should be conducted to understand the 

behaviour of the headed shear stud in a beam and a push test, to identify the 

factors that lead to discrepancy in the results of composite beams and push tests. 

4. The finite element model developed in this study can be extended to take into 

account the lightweight concrete, different sizes of shear studs, different 

available steel deck profiles, effect of waveform reinforcement embedded in the 

concrete slab and fibre reinforced concrete, and parallel sheeting. 

- 241 -



Chapter 8 

5. The finite element model can also be extended to model the full size composite 

beam with profiled sheeting laid transverse and parallel to the axis of the beam, 

and to compare its results with the numerical models of push tests. The beam 

model can also be useful in identifying the causes of different load-slip 

behaviour of the headed shear stud in a beam and a push test, and understanding 

different load transfer mechanisms in both composite beams and push tests. 
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