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ABSTRACT

A composite section is made up of a concrete slab attached to a steel beam by means of
shear connectors. Under positive and negative bending moment, part of the slab will act as a
flange of the beam, resisting the longitudinal compression or tension force. When the spacing
between girders becomes large, it is evident that the simple beam theory does not strictly apply
because the longitudinal stress in the flange will vary with distance from the girder web, the
flange being more highly stressed over the web than in the extremities. This phenomenon is
termed "shear lag".

In this paper, a nonlinear three-dimensional finite element analysis is employed to evaluate and
determine the actual effective slab width of the composite steel-concrete beams by using the
Analysis System computer program (ANSYS 11.0).

The of elements were used (SOLID65, LINKS8, SHELL143, COMBIN39, TARGE170 and
CONTAI174) to model the concrete slab, the steel reinforcing bars, the steel girder, the shear
connectors (including uplift and dowel action), and the interface between top flange of the steel
girder and concrete slab, respectively.

Comparisons with experimental tests have been performed to validate the finite element analysis
results. In general, excellent agreement between the finite element solution and the experimental
results has been obtained. The maximum difference in ultimate load is about (2.9%).

Finally, parametric studies have been carried out to investigate the effect of some important
parameters; these parameters include the degree of interaction, slab thickness, slab width,
concrete compressive strength (f), distribution of shear connectors, reinforcement of slab, type

of loading, and boundary conditions. The effect of changing these parameters causes variety in
the effective slab width and the maximum stress reaches 40.7% and 28.5%, respectively.

Keywords: shear lag, effective width, composite beams, partial interaction, nonlinear analysis

) Jaal) die Al Al g 3 gl ha A8 pal) cilial) & Jladl) (a jall

deda gual oS Crna (s Aiga 2
PUIEAN G
Alaa daals — Al 40 e deals — dnnigl) 40<
dadal)

s sall cliasy) ple Caad o=l Jayl gy dda) g A3V 58 da jlay Ada g e Anilu A 485 e ST Syl ckﬁ.d\ 5]
)\)ﬂ\uuuhud\@@um _‘;}LJ\LMY\ j\ 25N Aagleal Aiall (e 2 3aS Jemy AU e 2 e bl
a}jwﬂud\um;u}m u\alaj\‘_g‘;#\ J\.@AY\ u‘}[ Mmd.\k.uyw\ a.ﬁ'ud\ 4.1_).}:.1 ulch.uSma‘y)sS\
‘)AU:J\ XYY u\ﬁsbi.u_d\ c))l.ﬂ\ 4l %) ).\S\ k-l‘JL@A\ JS.I a)qjl\ wu)ﬂ\ daid) dLLm U‘ g_u; 4..4)\:1\
M oadll calast

48l (aye apaa s el ¢ Baaall jualiall A8 Hla il ¢ bl ")ju_ka\jd_h_:dl_u)l\a.mum\
(ANSYS 11.0) < sulall i 5 e‘-h-w\e A8 jall Al AN 450V 4all Aiall Jladll



(@) Number 8 Volume 20 August - 2014 Journal of Engineering

SOLID65, LINKS, SHELL143, COMBIN39, TARGE170 ) ddide 333aa jualic Cieadisl
(SY 5V 5 Juadi¥) Laaia) (aill Jayl 5 )5 403Y sl duca jlall 5 aldill dyas 5 Al jall 4da3) Jial) (CONTA174
Al Aalaiall

e (S 488 gie polill CilS S5 AS je GlieY ddee Cilia g ae Al o) ya) a3 il daia (e (s
962.9 S ai) Jaaill 8 (38 dssi ST
Slas il g Jal Y1 da o ,ils il yoniiall Gl (e ) Aageal) ol prciall (oamy il5 (o yai) il jo Bae iy el sl )yl
3 bl a4 il g il il ) a5 8l Al Al TaleaiV) A glie ili 5 288 (i je il AL
Sga) adael 5 Jladll 488 (o yo CaDEA) s 28 il prial) o2 & el S ol Jaesill 5 sl g 5 il 5 40230
(Sl e %28.5 5 %40.7 Lt Led

1. INTRODUCTION

Composite steel-concrete structures are used widely in bridge and building construction. A composite
member is formed when a steel component, such as an I-section beam, is attached to a concrete component,
such as a floor slab or bridge deck. The fact that each material is used to take advantage of its best attributes
makes composite steel-concrete construction very efficient and economical. However, the real attraction of
composite construction is based on having an efficient connection of the steel to the concrete, and it is this
connection that allows a transfer of forces and given composite member unique behavior [Oehlers and Bradford,
1999]. Although the word composite may refer to all kinds of different materials connected together, in this
study the term composite construction means steel girder attached to a reinforced concrete slab by means of
mechanical connectors, Fig. 1. The functions of these connectors are to transfer horizontal and normal forces
between the two components, thus sustaining the composite action.

2. SHEAR LAG

The thin slab of cellular and beam and slab decks can be thought of as flanges of I- or T-beams. When such
I- or T-beam are flexed, the compression/tension force in each flange near mid span is injected into the
flange by longitudinal edge shear forces. Under the action of the axial compression and eccentric edge shear
flows, the flange distorts as shown in Fig. 2 and does not compress as assumed in simple beam theory with
plane sections remaining plane. The amount of distortion depends on both the shape of the flange in plane
and on the distribution of shear flow along its edge. As is shown in Fig. 2, a narrow flange distorts little and
its behavior approximates to that assumed in simple beam theory. In contrast, the wide flanges distort
seriously because the compression induced by the edge shears does not flow very far from the loaded edge,
and much of each wide flange is ineffective. The decrease in flange compression away from the loaded edge
due to shear distortion is called (shear lag) . Hamply, 1976.

Shear lag has long been of interest to researches. Adekola, 1974, formulated and solved constitutive
equations which relate partial interaction with shear lag by series solutions for deflections and in-plane stress
in the slab to satisfy all the known boundary conditions. Foutch and Chang, 1982, investigated the effects of
shear lag and shear deformation on the static and dynamic response of tapered thin-walled box beams. Dezi
et al. 2001 proposed a model for analyzing the shear-lag effect in composite beams with flexible shear
connection. Sun and Bursi, 2005, proposed displacement-based and two-filed mixed beam elements for the
linear analysis of steel-concrete composite beams with shear lag and deformable shear connection.
Chiewanichakorn et al. 2004, introduced a three-dimensional non-linear finite element analysis to evaluate
and determine the actual effective slab width of steel-composite bridge girders. Aref et al. 2007, investigated
the behavior of steel-concrete composite girders mainly under applied negative moment to develop and
apply an appropriate effective slab width definition. Zhou 2011, presented a new F.E.M. to be proposed for
the analysis of shear lag effect in box girders under prestressing.

3. EFFECTIVE SLAB WIDTH

Effective width definition has traditionally been based on the distribution of longitudinal stress across the
slab width. This definition takes effective width as the equivalent width of slab having a constant stress
distribution across it and sustaining a force that is equal to interaction axial force in each of the elements of
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the composite system. The magnitude of the constant stress is taken as the peak longitudinal stress in the slab
at the slab-beam junction [Adekola, 1974°], as shown in Fig. 3.
Many researchers, Mackey, 1961; Adekola, 1968; Ansourian, 1975; Heins, 1976; Elkelish, 1986;
and Oehlers and Bradford, 1999, used Eq. (1) to calculate the effective slab width in composite beams.
— Z ‘I'[;J o, dx
' (1)

2b=z—
)
Where (ZE) is the effective width of the concrete slab, (b) is a half slab width, (a'}.} represent the normal

| ey,
=¥ max

stress in the longitudinal direction in the slab at top surface, and {a}.:} is the maximum normal stress

between 0 <x<b Fig. 4.
The numerator of the Eq. (1) was calculated by an approximate method using trapezoidal rule; these
calculations were done by MATLAB (R2010a) computer program.

3.1 Effective Width in Codes of Practice
The effective width concept has been widely recognized and implemented into different codes of practice
around the world. The formulas used by various codes are shown in Table 1.

4. BRIDGE DESIGN SPECIFICATIONS

4.1 British Specification [BSI 1979, BSI 1982]

In part 5 of BS5400, the effective slab width ratios are defined in three Tables, which cover simply
supported, cantilever, and internal spans for continuous girders. For each case, effective slab width ratios for
mid-span, quarter span, and support are specified based on girder spacing to span length ratios (s/l). Different
ratios are separately specified for uniformly distributed and concentrated load.

4.2 Canadian Specification [CSA 2000, CSA 2001]

In calculating flexural resistances and stresses in slab- on girder and box girder bridges with a concrete slab,
whether girders are steel or concrete, a reduced cross-section defined by the following effective slab width
criteria, i.e. Egs. (2) and (3), shall be used. 2b is the effective slab width, s/2 is half girder spacing and [ is
the span length.

b /R !
—=1-41- ——<15 2
/2 { 15s/2} for—h &)
L=1 Jfor L>15 (3)
s/2 s/2

4.3 Japanese Specification [JRA 1996]

In Japan, one-side effective slab width, 4, is used to calculate strength and stiffness of the girders. One-side
effective slab width (4) for uniformly distributed load and concentrate load can be computed using Eqs. (4)
and (5), respectively.

A=s/2 for slﬁso.os
s/2 s/2
=[11-2/ 222 |5 /2 0.05<2% <03
[ [ ! HS for < ] < (4)
=0.151 for 03<%/%
I EU
A=s5/2 for slﬁso.oz
2 &)
={1.06—3.2(Sl/2j+4.5[sl/2j }s/Z for 0.05<sl£< )
=0.151 for 0.33#
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4.4 Eurocode 4 [Eurocode 4 1992, eurocode4 1997]

In Eurocode 4, the one side effective slab width shall be taken as the distance from the centerline of the
girder to the center of the outstand shear connectors plus one-eighth of the effective span length but not
greater than half of the geometric slab width.

4.5 Australia Standard [AS 2327.1, 1996]

The effective width (254 ) shall be calculated as the sum of the distances 25 /2, measured on each side of the

center-line of the steel beam, where 25 /2 are in each case the smallest of:

a) L/8, where L is the span of the beam.

b) In the case of a concrete slab with a free edge (i.e. an edge beam situation). Either the perpendicular
distance to the edge measured from the center-line of the beam, or 6 times the overall depth (k) of the
concrete slab plus half the width of the steel beam flange (by).

c) In the case of a concrete slab which spans between two steel beams (i.e. either an edge beam or internal
beam situation), either half the center-to-center distance between the steel beams or 8 times the overall
depth (h,) of the concrete slab plus half the width of the steel beam flange (by).

It must be noted that the Australian code takes into account the slab thickness in the effective slab
width computations.

5. ANSYS FINITE ELEMENT MODEL

ANSYS 11.0 is a comprehensive general-purpose finite element computer program. It is capable of
performing static and dynamic analysis. It is a very powerful and impressive engineering tool that may be
used to solve a variety of problems.

5.1 Finite Element Model

A three-dimensional eight-node solid element (SOLID65) is used to model the concrete slab, while the steel
reinforcement bar is modeled by a spar element (LINKS). The steel beam is modeled by a four-node shell
element (SHELL143). A spar element (LINKS) is used to model shear connector to resist uplift; while the
dowel action of shear connector is modeled by combine element (COMBIN39), in the modeling of interface
between two surfaces a contact element (CONTA174) and target element (TARGE170) is used, as shown in
Fig. 6, and the geometry of these elements is shown Fig. 5.

6. FINITE ELEMENT VERIFICATIONS
The verification of the finite element modeling described above can be accomplished and comparing the
results generated by the finite element analysis program (ANSYS V.11) to those obtained from the
experimental test. In this paper, yam and Chapman simply composite steel-concrete beam [Yam and Chapman,
1968] is used to verify the accuracy and performance of the finite element models used in this study.

The simply supported composite beam, tested by yam and Chapman, is one in a series of tested beams.
The beam span was 5486 mm and subjected to a concentrated load at the midspan. In the present study the
chosen specimen is designated as beam (E 11). The dimensions and reinforcement details of this beam are
shown in Fig. 7.
6.1 Finite Element Idealization and Material Properties
The three-dimensional finite element mesh for one half of the beam has been used by using ANSYS 11.0
computer program, as shown in Fig.8. Concrete slab is idealized by using (1792) eight node brick elements
(SOLID65), and steel beam is idealized by using (364) four node shell elements (SHELL143).
Reinforcement is idealized by using (510) link elements (LINKS). The interface between the concrete slab
and the steel beam (sticking and friction) is idealized by (112) eight node contact elements (CONTA174) and
(112) eight node target elements (TARGE170). Shear connectors are idealized by (100) link elements
(LINKS) to resist uplift separation. The effect of dowel action of the shear connectors through the interface
between top flange of steel beam and concrete slab is idealized by (50) combine elements (COMBIN39) to
resist slip. The function used to idealize the load-slip relation is:

Q=31.8(1— e *'r) ©6)
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Where @ is the load on shear connector in (kN) and ¥ is the slip in (mm) [Yam and Chapman, 1968].

The total number of nodes resulting from the above idealization is (2871) nodes, and the total number
of element is (3040) elements.

Material properties of the Yam and Chapman composite beam are summarized in Table 2. In this
analysis the symmetry has been used by using half span of the beam. The boundary condition of this beam is
shown in Fig. 8. The roller support is obtained by constrained displacement in y-axis, and at mid span the
symmetry condition is used, the symmetry condition is obtained by constrained displacement in z-axis
(longitudinal axis) for all nodes and rotations in x-axis for shell elements. The load applied (510 kN) at
midspan is distributed on a rectangular area, as shown in Fig. 8.

The results obtained using the nonlinear finite element analysis carried out for the beam (E 11) are
presented and compared with the experimental data, as shown in Table 3. The experimental and nonlinear
analytical load-deflection curves are shown in Fig. 9.

7. PARAMETRIC STUDY

A simply supported steel-concrete composite beam tested by Yam and Chapman (E 11) has been selected to
carry out the parametric study. The parameters studied can be summarized as follows:

1) Effect of Degree of Interaction.

2) Effect of Concrete Compressive Strength (7).

3) Effect of Longitudinal Reinforcement.

The effect of partial interaction on Yam and Chapman composite beam has been investigated. To get
full interaction, a large value for the stiffness of the shear connectors used by Yam and Chapman
experimentally has been used by multiplying the stiffness value by 10°. While for partial interaction, the
number of shear connectors used by Yam and Chapman experimentally has been reduced as a percentage
from the number of studs that has been used experimentally.

In this work, the uniformly distributed Load (UDL kN/m?) (on the overall slab) is investigated

The nonlinear finite element analysis for the simply supported steel-concrete composite beam tested
by Yam and Chapman (E 11) gave the ultimate load (500 kN) in case of (CL) and (190.5 kN/m?) in case of
(UDL). The distribution of longitudinal stresses in the slab has different shapes along the slab as shown in
the Fig. 10. The distribution of the effective slab widths and longitudinal stresses for Yam and Chapman
composite steel-concrete beam (E 11) for several stages of loading is shown in Figs. 11 and 12.

The effect of partial interaction on the effective slab width and the stress distribution at midspan, with
various degrees of interaction, at ultimate load are shown in Figs. 13 and 14.

The effect of the degree of interaction on the effective slab width and maximum stress at midspan for
this beam at ultimate load is listed in Tables 4 and 5, respectively. Comparison of effective slab width with
design specifications at ultimate load is shown in Table 6. From the obtained results, it can be seen that
when the degree of interaction increases from 24% to the used the effective slab width decreases by 10.8%
and the maximum slab stress decreases by 25.6%.

The effect of concrete compressive strength on the effective slab width and maximum stress at
midspan for this beam at ultimate load is listed in Tables 7 and 8, respectively. From the obtained results, it
is seen that when the concrete compressive strength increases from (21 MPa) to (30 MPa), the effective slab
width decreases by 24.5% Fig. 15 and the maximum slab stress decreases by 28.5%, Fig. 16.

The effect of longitudinal reinforcement on the effective slab width and maximum stress at midspan
for this beam at ultimate load is listed in Tables 9 and 10, respectively. From the obtained results, it is seen
that when the diameter of longitudinal reinforcement increases from (@12 mm) to (@25 mm), the effective
slab width increases by 40.7% , Fig. 17 and the maximum slab stress increases by 19.7% ,Fig. 18.

8. CONCLUSIONS

1) The results indicate good estimates of failure loads compared with experimental values. The maximum
difference ratio in ultimate load is about 1.9%, while the maximum difference ratio in central deflection is
about 4.7% These results reveal the accuracy and efficiency of the selected elements in ANSYS 11.0
computer program in predicting the behavior and ultimate load of composite steel-concrete beams.

2) When the degree of interaction increases from 24% to the used the effective slab width decreases by
10.8% and the maximum slab stress decreases by 25.6%.
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3) When the concrete compressive strength increases from (21 MPa) to (30 MPa), the effective slab width
decreases by 24.5% and the maximum slab stress decreases by 28.5%.

4) When the diameter of longitudinal reinforcement increases from (@12 mm) to (@25 mm), the effective
slab width increases by 40.7% and the maximum slab stress increases by 19.7%.
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NOMENCLATURE

The following symbols are used in this paper:-

b = one-side slab width
b = one-side effective slab width
fe = ultimate compressive strength (Cylinder Test)

L = span length of the beam
&y = normal stress in the longitudinal direction

{a}.:} = maximum normal stress in the longitudinal direction
HLEX

7
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b; = steel beam flange width
O = shear force in one shear connector

¥ = slip at the interface

S = spacing of beams
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Figure 1. Composite beam components.
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Figure 2. Shear lag distortion of flanges of various widths. [Hamply 1976].
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Figure 3. Effective slab width definition.
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Table 1. Effective width of the slab.

Code Formula

2b (interior beams) is the least of:

AASHO [AASHO, 1944] 1.L/4
2. 12h + greater of (h,, or by/2)

3. average (s) of adjacent beams
2b is least of:

AASHTO [Bowels, 1981] ; L/4
.S

3. 12h,
2b (interior girder) is the least of:
1.L/4

2. 12h. + greater of (h,, or by2)
3. average (s) of adjacent beams

AASHTO-LRFD [AASHTO, 1998; — —
AASHTO, 2004] 2b (exterior girder): (2b (interior girder)/2) + the

least of:

1.L/8

2. 6h.+ greater of (h,/2 or top by/4)
3. overhang width

2b (interior girder) is least of:
1.L/4

2.8

3.b,, + 16h,

2b (exterior girder) is least of:
1. L/12+b,,

2. 6h+b,,

3. s/2+b,/2

2b is the least of:

AISC [American institute of steel 1.L/4
construction, 1999] 2.8

3. 2b,

2b is least of:
BS 8110 [BSI 8110 Part 1 and Part 2, 1985] 1. L/5+b,

2.s

2b =L/8 for U.D.L.

2b =1L/10 for point load.
2b is least of:

BS CP 117 [BSI Part 1, 1965] ; L/3
.S

3. b; + 12h,
1.fors<L/10: 2b =s

BS CP 117 [BSI Part 2, 1967] 2.for s > L/10: (s/ 2b )’ = 1+12(s/L)*
but2b shall not be taken as less than L/10.

2b is the least of:
Report of Committee 41A [Effective Slab 1.L/4

Width, 1978] 2.s

3.2b,

2b is the least of:
1.L/4
2.12he

ACI [ACI 318M-08]

CEB [FIP-C and CA, 1970]

Special Committee on Concrete and
Reinforced Concrete [Special, 1916]

10
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Figure 6. Schematic drawing of finite element model for composite beam.

I

RC slab
Steel beam
i 5486 mm 7
1 |
(a)
® 12 @ 200 mm
D 12 @ 400 mm c/c
) 1220 mm 5
T L 4 L L4 Ly
152 '\
L _l_\_l_LT_I_I.R
' - 18.2 mm\
® 16 @ 300 mm
305
mm 2/ [€ 10.16 mm

C——7 182 mm
152 mm
(b)

Figure 7. Yam and chapman test beam
(a) dimensions and loading arrangement of beam (e 11) (b) cross section.
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Figure 8. Three-dimensional finite element mesh for yam and chapman
composite steel-concrete beam (e 11).

Table 2. Material properties used for yam and chapman composite steel-concrete beam (E
11).

Definition

Compressive Strength (MPa)
Young's Modulus (MPa)
Concrete Tensile Strength (MPa)

Poisson's Ratio

Shear Transfer Parameters
0.83*

265 (916)
265 (912)
Reinforcement Young's Modulus (MPa) 205000

Yield Stress (MPa)

Poisson's Ratio 0.3
Steel Hardening Parameter (MPa) 4100
Yield Stress (MPa) 265
Steel Beam Young's Modulus (MPa) 205000
Steel Hardening Parameter (MPa) 4100
Overall Height (mm) 50

Diameter (mm) 12

Spacing (mm) 100
Shear Connector Number of Studs 100
Yield Stress (MPa) 265
Young's Modulus (MPa) 205000
Steel Hardening Parameter (MPa) 4100

Interface Coefficient of Friction 0.7

*assumed value, T [ACI318M-08]
Note: E.=4700,f. , E,=0.02E, ,f.=0.62,/f.
12
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Figure.9 Experimental and nonlinear analytical load-deflection curves for yam and
chapman composite beam (e 11).

Table 3. Comparison between the experimental and analytical results
of yam and chapman composite beam (e 11).

I M Experimental 78.4 I

ax. Central Defl. (mm) Analytical 82.1

Experimental 510
Analytical 500

Ultimate Load (kN)
Pu (Analytical)

0.98

Pu ( Experimental)

Error in (Pu) -1.9%
Failure Mode Concrete Crushing
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Figure 10. Slab top surface stress distribution for udl (190.5 kn/m?).
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Figure 11. Slab top surface stress distribution for several stages of loading for ud! (190.5
kn/m?) at mid span.
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Figure 12. Effective width for several stages of loading for ud! (190.5 kn/m?).
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Figure 13. Effective width for various degrees of interaction at ultimate load for UDL.
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Figure 14. Eftect of degree of interaction on the stress distribution in midspan section at
ultimate load UDL.

Table 4. Effect of degree of interaction on the maximum slab stress
at ultimate load in midspan for UDL.

Degree of Interaction
(%)

Maximum Slab Stress
Ratio (6./0.4)

24
52
76

0.753
0.396
0.431
0.559
0.560

Table S. Effect of degree of interaction on the effective slab width ratio
at ultimate load in midspan for UDL

Degree of Interaction
(%)

Effective Width Ratio

(b/b)

24

52
76

0.934
0.934
0.948
0.833
0.808

Table 6. Comparison of effective slab width in midspan with design specifications at ultimate load

for UDL
Degree of _ ASHTTO-LRFD ACI BS
i 2h

Intez‘;ﬁc )t ton (mm) Exterior | Interior | Exterior | Interior ALSC 8110
24 1139 1144 1220 609 1220 1220 1220

52 1140 1144 1220 609 1220 1220 1220

76 1156 1144 1220 609 1220 1220 1220
Used 1017 1144 1220 609 1220 1220 1220
Full 985 1144 1220 609 1220 1220 1220

15
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Figure 16. Effect of concrete strength on the stress distribution in midspan at ultimate load
for UDL.

Longitudinal Stress (MPa)
Ln

Table 7. Effect of concrete strength on the effective slab width ratio
at ultimate load in midspan for UDL

Effective Width Ratio
(b/b)

21 0.951

25 0.714

30 0.718

f'e (MPa)

Table 8. Effect of concrete strength on the maximum slab stress
at ultimate load in midspan for UDL

Maximum Slab Stress
Ratio (7./o.,)

0.875
0.837
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Figure 17. Effective width for various diameters of longitudinal reinforcement at
ultimate load for UDL.
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Figure 18. Effect of longitudinal reinforcement on the stress distribution in midspan at
ultimate load for UDL.

Table 9. Effect of longitudinal reinforcement on the effective slab width ratio
at ultimate load in midspan for UDL.

Diameter of Longitudinal
Reinforcement (mm)

Effective Width Ratio
(b/b)

012
016

025

0.701
0.833
0.987

Table 10. Effect of longitudinal reinforcement on the maximum slab stress
at ultimate load in midspan for UDL

Diameter of Longitudinal
Reinforcement (mm)

Maximum Slab Stress
Ratio (¢,./7,,)

0?12
016
025

17

0.512
0.559
0.613
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