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Abstract

This paper deals with flexural investigation of a type of steel-concrete composite beam
structure able to provide an adequate bond between steel and concrete elements through
the application of a simple steel reinforcement shear connector design, steel reinforcing
bars bent into L-shapes. The cross sections involve inverted steel T-beam being embedded
within reinforced concrete (RC) flange of the slab. The paper concentrates on elastic and
elastic-plastic behaviour of steel inverted T-beam entrenched within a reinforced concrete
flange at the top. In addition, shear connection was investigated in detail. Finally, some
suggested designing equations and curves simulating the elastic, elastoplastic and full
plastic experimental moments were developed. The plastic theoretical study results
coincides with the experimental behaviour of the developed model.
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1. INTRODUCTION

Composite steel-concrete beams are typical structural elements present in both
floor and bridge systems [1-6], and they're assessed using well-established
methods and regulated by several code design around the world like AISC code
[17] or Eurocode 4 [18].

The most conventional composite beam involves of a W-shape steel beam
made composite with a concrete slab through headed shear studs. Under load, the
headed studs transfer horizontal shear forces between the steel and concrete,
causing the two parts to behave as if they were one composite member. The
majority of studies has been done up to this point [7-13, 15] concerned with
composite construction done on a concrete slab over top flange of steel beam. The
mechanical shear connectors on top flange may be considered to be either flexible
or rigid in ordinary composite construction industries. In the case of solution
without headed studs, Remennikov and Roche [14] suggested that the L-shaped
shear connectors were observed to deform in a similar way to that for the flexible
headed stud shear connectors.

The flexible shear connectors are able to yield and undergo plastic
deformation when resisting shear forces, making them more ductile than rigid
connectors. On the other hand, the use of steel reinforcing bars as shear connectors
is intended to provide a more worthwhile shear connection design than the
commonly used headed studs [16].

As steel reinforcing bars are such a commonly utilized construction
material, there is no need for the purchase of specially manufactured headed studs.
In addition, as menthionned by Eurocode 4, these reinforcing bars should be in
accordance with BS EN 10080 [18, 19]. Accordingly, steel reinforcing bars bent
into L-shapes may be integrated into the design, spaced at a specific distance
center to center in an alternately arrangement.

In this context, this paper deals with flexural investigation of a type of steel-
concrete composite beam structure able to provide an adequate bond between steel
and concrete elements through the application of a simple steel reinforcement
shear connector design, steel reinforcing bars bent into L-shapes.

2. COMPOSITE SECTION PROPERTIES

2.1. Inverted T-steel section properties

A 150UB18.0 standard I- beam section was chosen to be cut along the web at the
top root radius. Properties of this inverted T-steel beam are summarized in Fig.1.
It is important to mention that when values are calculated neglecting roots there
are a resulting difference in crosssectional area about 2% in comparison to precise
value.
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Fig. 1. Properties of inverted T-steel beam
2.2. Elastic analysis

The elastic properties of the composite section (T-section and RC flange) of Fig.
2 are calculated by the following equations:

The Modulus ratio:
n = E;/E. = 200000/[4729.77\/f/] = 6 (2.1)

For: y = yiop <
2 2 2 ,
Y =Yeop = 05 (= - As + [G-AD* + 477 A (s + A7} 22)

Iy = Ey—+1 + Ay +d' —y)? (2.3)
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b) Detailed composite section model

a) Simple composite section model
Fig. 2. Composite section model

The Resisting moment is the lesser value of (2.6) and (2.7):

MYrop 1 0.45 [I;;n
I __ 14 _ cltr
=— M, =— (2.6)
Ity M Ytop
MYpor 0.66Fy Iy
O == My = ——— 2.7)
tr Ybot
Where:

- f. is the compressive strength of concrete,
- F, is the yield strength of steel beam.
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2.3. Elastic —Plastic analysis
If Ytop < Ypa »in Fig. 3, the bottom tension fiber of steel section yields first.
The bending moment and curvature angle are:

M, = 2 and ¢, = tan~! (S—y) (2.8)

Vbot Ytop

If Ytop > Ypa > the top compression fibre of concrete yields first. The bending
moment and curvature angle are:

_085f.lyn _ —1, &
M, BT and ¢, = tan (ywp) 2.9)
f b, N e=£=0004 g <e £=¢
TT foT ‘
o A b ] T
e f; :\ NA ! Yiop 0,
9,
A NAy, T NA l
: T zleit & Yoot
-] W e
S Yoot
| "
 — —"li
b=t b fepale & =¢, 6, <,
s Y E‘
(b) Balance case at  (c) Tension failure (d) Compression
(a) Composite section ultimate (under reinforced)  failure (over
& i reinforced)
=y =——(d+t
Yoo =i £ te, g ywp< Yha Ytup> Yoa

Fig. 3. Structural cases of the composite model

2.4. Shear connector analysis

For the following Fig.4, the shear connectors analysis may be outlined by 4ISC-
2010 [17] by these equations:

Vi = 0.85f¢ bt or Vj, = AgF, (the smaller value) (2.10)
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Number of shear connectors between support and mid-span (zero moment and
adjacent maximum bending moment) is:

Nstua = Vh/[0-85qult] (2.11)

Where: q,,;; is ultimate shear strength of shear connector.

Guie = 0.5 Ast\/ fc,Ec =0.40 dzst\/ fc,Ec (2.12)

dg; 1s shear connector diameter

E. is modulus of elasticity of concrete.

The spacing of shear connectors along the beam is:

s= %nmw < Spmax (2.13)

Nyow 18 number of L-shaped connector rows installed in a staggered
prearrangement.

Q is static moment of slab about neutral axis.
Q = (befn)klytop — 0.51,] (2.14)

V; is shear force at section i
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Fig. 4. Shear connector analysis showing L-shaped shear connector spacing

2.5. Plastic analysis

There are three cases in plastic analysis as shown in Fig. 5, 6 and 7.

Case 1:

PNA is within slab in Fig. 5, where: a < d’

AsFy

a=——
0.85f/b,’

Mp

=AsFy [D = ysp —

1 AsFy
1.7 be f;

(2.15)
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Fig. 5. Plastic neutral axis (PNA) is in the concrete flange, where: a < d’
It is important to mention that in this formula the value of 1.7 in denominator
occur according to AISC practice. According to the Eurocode 4, aforementioned
denominator would be 2.0.

Case 2:

PNA is in the web within slab in Fig. 6, where: d' < a < t,

_ [tw(dw+2d")+Af]Fy—0.85fC'd'tw (2.16)
0.85f; (be—tw)+2tyFy

_ Ag[0.5tf]+[dy—(a—d" )]ty [ts+0.5 {dy,—(a—d")}]
Ysb = Af+[dw_(a—d’)]tw (217)
M, = C.[D — ys — 0.5a] + C"[d — ys, — 0.5(a — d")] (2.18)
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Fig. 6. Plastic neutral axis (PNA) is in the concrete flange, where: d’ < a < t,.
Case 3:

PNA is in the web outside slab in Fig. 7, where: a > ¢,

o = 0.85f7[d1tw—Dbetcl+[dwtw—2d1ty+Af]F,
2ty Fy

(2.19)

_ Ag[0.5te]+[dw—d]—aT](tw)[te+0.5(dy—dj—aT)]
- Ar+[dy—d;-aT]ty,

Ysb (2.20)

Mp = CC[D —Vsp — O-Stc] + CTl[D —Ysp —lc— O-Sdi)] + CT? [d — YVsb —
d, — 0.5a7] (2.21)
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Fig. 7. Plastic neutral axis (PNA) is not in the concrete flange, where: a > t.

3. EXPERIMENTAL MODEL

3.1. Description of experimental models

Full description of the steel-concrete composite beam model is shown in Fig. 8.
a, b, ¢ and d. The top reinforced concrete slab works as a concrete flange is 180
mm wide, 55 mm deep composed of 40 MPa concrete to form a 2.0 in long
composite beam span as shown. It should be noted that the cross section involves
the steel T-beam being embedded within the concrete slab.

The 8 mm thick steel plates were included at the ends to more accurately
imitate the conditions a simply supported beam. The end plate was fixed to both
ends of the steel beam through fillet welds. The end plate extended 5 mm below
the steel beam and support will therefore be provided to the composite beam
through the end plates. Bent R6 steel reinforcing U-bars were welded to the end
plates and embedded within the concrete flange to provide a form of shear
connection, connecting the end plates to the concrete flange. When subjected to
bending the end plates are also expected to prevent slippage at the steel-concrete
interface as the horizontal displacement of the concrete flange is to be resisted. As
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seen in Fig. 8.a placing the applied loads closer to the center of the beam will
increase the maximum bending moment.

Load was applied to the composite beams in both two-point static loading
arrangements through a load cell at a rate of 0.5 mm/minute.
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Fig. 8. Description of the steel-concrete composite beam model
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3.2. Elastic properties of model

Equations 2.4, 2.5, 2.6 and 2.7 give neutral axis location in Fig. 2, moment of
inertia and elastic resisting moment of the composite model:

Y = Yeop = 8.60cm , Iy, = 1332.13 cm*
pM = 17.76KN.m versus Mgy, e = 18.5KN.m. therefore: P = 47.36KN

3.3. Elastoplastic properties of model

Equations 2.8 and 2.9 give balanced neutral axis location in Fig. 3, and bending
moment of the composite model and curvature in this case:

Yo _ D
0.0034 _ 0.0034 + (F, /E5)

Y = Yiop = 8.60 K y, = 0.7407(18.5) = 13.70cm , thus, steel yields first.

,¥p = 0.74070 D = 13.70 cm

The bending moment and curvature angle are :

= 210(1332.13)(10)78
Y7 (18.5 — 8.6)(10)2

= 28.26KN.m.

£ 0.003
@, = tan™} (=) = tan~I(

- m) = tan~1(0.000303)
o . .

3.4. Deflection of model
Designing curve in Fig. 9 is derived for this model according to following steps:

— P2 (272 _ 40201 L — pr_@ (272 _ 4,2
4= P[24E1 (8L7 — 4a}] 360 P[24EI (8L — 4a”}]
M=2L p=2%L 4-75cm (3.1)
Ybot a Ybot
L g Iy

gl 1
312 — 4%} == 312 — 4a?
[2 AE ,tr{ 3 L, [2 Ty { i

Yoot =D = Yiop = 18.5 — 8.60 = 9.90cm ~ 0.535D

360  aypor

L_ 0.02212 Es
D_ .

By
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Fig. 9. Designing curve

As a guide only, the AISC (2010) Commentary suggests the following
limitations:

Floor beams and girders, fully stressed, not subject to shock or vibration:

L =00275% (3.2)
D Fy

Floors and girders, subject to shock or vibratory loads, supporting large open
areas free of partitions or other sources of damping:

L =0.0250% (3.3)
D F.

y
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3.5. Plastic properties of model

The plastic neutral axis, sectional forces, and plastic moment capacity according
to case 2, where d’ < a < t. using equations 2.16, 2.17 and 2.18 are as follow:

a = 4.81254cm , yg, = 4.01677cm ,C, = 294.527KN , CT = 8.2209524KN
MP = 36.3684KN.m. Versus My, , = 37.020 KN.m.

Fig. 10 shows the experiment versus theoretical calculated consequences.

.....................................................

...................................................................

— Experiment

..... Calculated

Mid-span moment (KINN.m.)
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|
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Fig. 10. Moment-deflection curve
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4. CONCLUSION

Theoretical study has been done on a new-fangled steel-concrete composite beam
structure with an innovative L-shaped steel shear connection. The suggested
designing equations simulate the elastic, elastoplastic and full plastic experimental
moments. The plastic theoretical study in case 2 coincides with the experimental
behavior of the model.

Theoretical deflection study resulted in outcomes close to the test outcomes
with a supportive designing curve. This curve is valuable for both designing
engineers and researchers.

This type of shear connection would help to prevent separation between the
concrete flange and steel beam due to the good bonding development.
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