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Abstract

A newtype of perfobond sheaonnector is suggested, and tested thrailegign and
construction ofsix steelconcrete composite beams separatedhoee groups formed from
standard steel sectigiW4X13, with total length of 1300mmThe @ncrete slab connected to
steel section bysing three types of mechanical shear connectors narslg connector and
regular circular hole perfobond connectorsaaddition to newly sggested type of triangular
hole perfobond connector. The beams are experimentally tested using two point load beam
te st to inspect t he pbednebehviourad yieldiogoamdh wtimateo r * st
stagesin terms of deflection at miespan and slip at ends of tested beams. A three
dimensional nonlinear finite element model is developed using ANSYS softwarautats
beam test up to failureThe results showhat composite beamsonstructedwith newly
suggested trianguigerfobond connectordeveloped strengthpercentagdéigher than those
with stud connectorsand regularcircular perfobondconnector.The finite element model
validated by comparing witlexperiments predictng differences inultimate resistance of
(0.9% to 5.7%for perfobond connectors aiftil.9% to 19.2%for stud connectors.
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Introduction:

Composite steetoncrete structures are used widely in modern bridge and building
construction. A composite member is formed when a steel component, such-sectanl
beam, is attached ta concrete component. This type of structure is mainly used due to a
reduction in construction depth, savings in steel weight and to rapid construction prfigrams.
The real attraction of composite construction is based on having an efficient connetition of
steel to the concrete, which allows a transfer of forces and gives the composite members their
unigue behavior. Therefore, a considerable reference to the behavior of this connection at the
interface between the steel and concrete components, teri@tto be demonstrated through
investigating the connection between the steel and concrete compositeTbeanorizontal
shear resistance is one of the most important property affects the behavior of the composite
beam, whereas, the resistance depends os ever al par ameters, s u
geometrical shapes, no. of connectors, method of connector distribution and dimensions.
Since 1922, several researches were conducted to investigate the behavior of shear connector
led to suggesting and developisgveral types of mechanical shear connectors and enhancing
those availabl¢2 & 3]

In 2003, Nieand Caiinvestigated the effects of shear slip on the deformation of-steel
concrete composite beams by using the equivalent rigidity of composite beams aumsider
three different loading types accounting for slip effects in both fully composite and partially
composite beams. The predicted results were compared with experimental results of simply
supported and continuous composite beam specimens. It was foundshear slip in
composite beams has a significant contribution to beam deformfton.

In 2004, Nie et.al.,conducted a static load tests on 16 stamicrete composite beams
and two steel beams to investigate the shear resisting mechanisms and nijin sife
composite beams, considering the shear span aspect ratio of the simply supported beams, and
the width and thickness of the concrete flanges. The stress in the steel beam was analyzed
using theories of elasticity and plasticity based on strain measmts, and the shear
resistance of the concrete flange was then obtained by subtracting the steel shear contribution
from the total load applied. It was found that the concrete flange could sustain 33% to 56% of
the total ultimate shear applied to thempmsite beam specimens, contrary to the typical
assumption of neglecting the concrete shear contribution in most design codes and
specifications[5]

In 2005, Liang et.al.investigate the contributions of the concrete slab and composite
action to the vertal shear strength of steebncrete composite beams using three
dimensional finite element model to investigate the flexural and shear strengths of simply
supported composite beams under combined bending and shear accounting for material and
geometricah onl i near behavior of composite beams.
verified by comparing with experimental results, then employed to quantify the contributions
of the concrete slab and composite action to the moment and shear capacitiesasiteomp
beams. The researchers also studied the effect of the degree of shear connection on the
vertical shear strength of deep composite beams loaded in shear. A design model was
proposed as a consistent and economical design procedure for simply supporpesite
beamd6]

In 2007, Queirozt.al, and in 2009, Queiroz et.aPresentedn investigation focused
on the evaluation of full and partial shear connection in composite beams using the finite
element software ANSYS. It was found that the propobkeeetimensional finite element
model is able to simulate the overall flexural behavior of simply supported composite beams,
with stud shear connectors, subjected to either concentrated or uniformly distributed loads.
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The load deflection behavior, longitundl slip at the steetoncrete interface, distribution of
stud shear forgeand failure modes were investigated& 8]

In the present work, the main objective is to conduct a test to investigate the behavior of
composite beam with two types of mechahiconnectors, namely stud and perfobond shear
connector and investigate the applicability of a newly suggested type of perfobond connector.
After conducting the test, the composite beam is simulated using three dimensional finite
elementmodels consideringboth geometrical and material nonlinearity to investigate the
behavior of the composite beam in more accurate method.

Experimental Program

Ordinary cement and aggregates with maximum size of 20mm are used in concrete.
The cement, aggregate and waterduseconcrete are testethd preparetiefore construction
of composite beam sampléocal cementmanufacturedn Badosh factory, Mosus used. A
physical and chemicaksts are conducted tnsure that the cement azemply with the
requirements of Iigi standards, IQSNo0.5,19849] The chemical and physicaésts resultef
cementare shown in Tablél)

Table (1) The chemical and physical tests results of cement

Chemical test Physical test
Elements | Results% | 1QS:N0.5/198%% Properties results | 1QS:N0.5/198%%
ALOs 5.6 3.08.0 Fineness remain on 7% XK 10%
sievel70
SiQ 21.6 17.025.0 Initial Hardening (minute) 120 X np YA
FeOs 2.5 0.56.0 Final Hardening (minute) 360 X cnn Y
Ca 62.5 60.067.0 Compressive strength 18 X MC a
(MPa) (3 days)
sSQ 2.6 X H Py 2 Compressive strength 25 X HPRa a
(MPa) (7 days)
MgO 3.25 K 5% Tension strength 2.0 X Mdc
(MPa) (3 days)
GS 36.44 31.0341.05 Tension strength 3.5 X HOnN
GS 34.20 28.61:37.90 (MPa) (7 days)
GA 12.07 11.9612.30
GAF 7.98 7.72-8.02

A local river sandis used as a fine aggregate in concrete admixafter making a
sieve analysis and fined to within the range of medium sand in accordance with
(B.S.882:1992]10Q], with a fineness modulus of 2.81 and clay percentage 1.4$%oas in
Table (2)and Fig(1). A local river gravel with maximum aggregate size of 20mm, according
to B.S.882:1992[0], having sieve analysis shown in Takka @nd 2pand Fig(1) is used as
a coarse aggregate in concrete admixtémother physical progrties of coarse andnie
aggregate are shown in Taf#e A normal drinking (tap water) is used for mixing of
concrete.
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Table (2a) Physical Properties and Sieve Analyses Results of Sand compared with

B.S5.882:1992
Sieve size (mm) | Limits % % Passing Coarse | Medium Fine
limits% | limits% | limits%
5 mm No.4 89-100 100 L. S
2.36mm No.8 60-100 86 60-100 | 65100 80-100
1.18mm No.16 30-100 73.5 3090 45-100 70-100
600um No.30 15100 44 1554 25-80 55100
300um No.50 5-70 12 5-40 5-48 5-70
150pm No.150 0-15 35 L o
Table (2b) Sieve Analyses Results of Gravel Compared with B.S.882:1992
Sieve size (mm) % Passing General limits of gravel (20)mm %
20mm. 3/4in 100 90-100
14mm.5/8in 65 40-.80
10mm. 3/8in 56 3060
5mm. 3/16 in 1 0-10
Table (3) Physical Properties of Sand and Gravel
Type of Density Specific Absorption
aggregate (kg/m?) weight ( %)
Sand 1666 2.68 3.092
Gravel 1676 2.71 1.01
120 120
—f— Min.Limit
100 100 Gravelused
—— NMax.Limit
030 op 50 1
£ £
2 60 7 60
= =
A 40 i 40
X —8— Min. Limit X
20 Sanl(l lﬂ::l — 20
=—4— Max.Limit
0 " T T T T T — 0 T T "_]l T T T T T T T
0 1 2 3 4 5 6 0 2 4 6 8 1012141618 20 22
B.S.Sieve Size (mm) B.S Sieve Size (mm)
(a) Sand (b) Gravel

Figure (1) Sieve Analysis of Sand and Gravel

Several mixesre preparetb get the required copressive strength of concrefe mix
with percentage(cement: sand: gravel /wate():2.46:3.30.45 are usedwith slump of
(90mm) The average concrete compressive stremdtstandard cylindeff ¢ 6 MP2)lis
determined from standambmpression tests gix concrete cube$50x150x150mpgiven as
(fcu=26.167MPa) by assuming thdt'=0.8fcuconducted according to ASTM specification

Steel beams used in the specimen construction are standarollémtsteel shape
(W4X13, with total length of 1300mm coented to 100mm thickness concrete slab with
200mm width, as shown ikig.(2). An average steel yield strengtfy£331 MPa) and
ultimate strength off(lt.=465 MPa) are obtained from uniaxial tensile test of six samples
taken from flange and web of steelcen. The same test is used fdfOmm diameter
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reinforcement bars and fourtdat the yield strengtffy=562MPa) and ultimate strength of
(fult.=675 MPa). The results of steel section, reinforcement and concrete strengthcave

in Table (4)
Table (4) Steel Section and Reinforcement Yield Strength and Concrete Compressive
Strength
SteelSec. fy MPa Concrete cube fcuMPa Reinf. Bar fy MPa
1 340 1 28 1 565
2 325 2 24 2 555
3 328 3 25 3 569
4 330 4 26 4 557
5 338 5 28 5 561
6 324 6 26 6 563
Average 331 Average 26H Average 561H
200mm
Loomm | 1T tf=6mm

REINFORCEMENT BAR
SHEAR CONNECTOR
CONCRETE SLAB

STEEL SECTION
W13X4

7
i s

!

d=100mm /4( tw=5mm

l

Figure (2) Geometry of steel section and composite beam Sample

The Extensometer is used to measure the displacement during the uniaxial tensile tests
of steel setions and from the stress$rain relationships, shown in FiB), the modulus of
elasticity are found to bEss=19430MPa and Esr=187330MPafor steel section and steel

reinforcement respectively.
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Figure (3). Stress-Strain Relationship of Steel Sections and Reinforcement.

Steel connectorsused in the specimen construction aeadedstud shear connector
(12.5m diameterand 80mm height perfobond connectors with circular hgldghickness
=4mm, height80mm, and hole diameter = 40mam)dperfobond connectors with triangular
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holes, (thickness =4mm, height=80mm, and l@se-50mm, hole height=50mm as shown
in Fig.(4). An average yield strength and ultimate strengtteath type of connectoere
obtaired from uniaxial tensile test as listed in TafBg

Table (5) Yield Strength, Ultimate Strength and Modulus of Elasticity of Connectors

Type of connector Yield Strength Ultimate Modulus of Elasticity
(MPa) (MPa) Strength (MPa)
Headed Sid 582 698 197500
Perfobond with Circular holes 562 675 194350
Perfobond with Triangular holes 562 675 194350
40mm diam. Top
Circular Top Flange
Holes Flange (Fillet welding)

g ¥ (Fillet welding)

(b) Perfobond Connector
with Circular Holes

(a) Headed Stud Connector

h=50mm, b=50mm

Top

. Flange
(c) Perfobond Connector with

Triangular Holes

Figure (4) Headedstud, Circular and Triangular Connectors

A total of six composite beams are tested in the civil engineering laboratdvigsul
University. Two composite steel beams with seven headed stud shear connector are designed
and constructed in addition to two beams with circular perfobond connectors. Finally, another
two beams with the newly suggested triangular perfobond carseate constructed. The
experimental work considered the effect of using different types of shear connectors on slip
and deflection of composite beam. The test groups are summarizabléeng).

The shear connectors are welded to the steel beam bYieglalelders, following a
standard procedure. A minimum number of rebars with diameter of 10mm are used as a
reinforcement in the concrete flange for both longitudinal and transverse directions. The
concrete flanges are formed with wood forms, as shoviAgi(s), and cast at the laboratory.

After concrete casting the concrete surfaces of the beams were kept moist with wet burlap for
3 days. The wood forms are then removed and the specimens are curedtyncainditions
until testing.

Table 6) Testing Mdrix and Experimental Results

. Exp. Exp. Py, Exp. Exp. Slip
Specimen Connector type Py (KN) (kN) dly (mm) (mm)
BHS1 Headed stud 138 176 8.35 1.49
BHS2 Headed stud 148 192 10.52 1.83
BCPB1 Circular perfobond 160 214.075 10.58 1.91
BCPB2 Circular perfobond 160 206.03 11.89 1.34
BTPB1 Triangular perfobond 170 210 10.13 1.34
BTPB2 Triangular perfobond 171 215.85 9.37 1.18
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Figure (5-¢) Beam with Triangular Perfobond connector
Figure (5) Steel parts, connectors and wood forms of toenpositebeam
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The composite beam specimens are supported at its ends, with2fgammbetween
supports. AS00kN hydraulic jack is used to apply a two pts load test with a monotonic
load applied at the top of concrete flange through a distribution beam and two cross shafts,
generating the loading condition shownrFig.(6). The test setup generates a two shear spans
near the ends and a pure bending spahe middle of the simply supported beam. The load
is gradually applied and monitored and recorded using a load cell against the slip at ends and
deflections at migspan, recorded using three transducers with an accuracy @d10n@).

During testing ofthe specimens, a diagonal shear cracks are observed at the bottom of
the concrete flange of most specimens, these cracks are initiated at different load stages, then
extended further and corresponded to the increasing of the load afplessinall flexurad
cracks at the middle portion are developed and observed in some specimens. The final failure
modes of all specimens are the shear failure in concrete flange after generating major shear
cracks, as shown iRig.(7).

The tested groups and test resulttetisin Table (6) show that the composite beams
with the newly suggested triangular perfobond conne®dPBGroup) give the highest
yield strength and the highest average ultimate strength, while the beams with headed stud
shear connector8HS Group) give the lowest yield strength and lowest ultimate strength. As
well as, the BTPB-Group) produced the lowest slip and both tBEISGroup and BCPB
Group produced the highest slip, at ultimate stage. The deflections are varied between the
threegroups;i t clearly shownthat theBCPB-Group gives the highest deflection. The tests
results of the three groups are plottedrigs.(8and9) in terms of loaeslip at end of beam
and loaddeflection at miespan of beam respectively.

&edb € 1 DISTRIBUTION TRANSDUCER
Transducer (3) o Mainframe BEAM 3)
& Luad Cell 0Tom)
Transdwer (1)
Transdwer (2)
BEAM
Mam Base ¥I V jpiesine
\\‘ IA Y IRANSDUCER
(1

L L ale o J
~ b 200 200m Ao
k Llmm :

Figure (7) Failure Shape of Tested Beam Sample
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Figure (8) Load-Slip Test Results

Finite Element Analysis
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Figure (9) Load-Deflection Test Results

13

The finite element methodsing generalpurpose nonlinear finite element analysis
packageANSYSis adoptedo be used for investagingthe behavior of theeomposite beam.
The shell SHELL43 element defined by four nodes having six degrees of freedom at each
node as shown in Figl0), is used for the steel section simulatidinis element allows for

plasticity, creep, stress stiffing, large deflectionsand large strain capabiliti¢sl] The

solid (SOLID69 element has eight nodes and three degrees of freedom at each node is used
for concrete slab simulation with reinforcing bars (rebars) for both longitudinal and
transverse dirégmns smeared throughout the elemeatsshown in Figl0). This element is
capable of cracking (in three orthogonal directions), crushing, plastic deformation, and creep,
while the rebars are capable of sustaining tension and compression forces aind plast

deformation and creefil1]

In the present work, making use of symmetry,-bal of the beam is modeled, as
shown in Fig11). A mesh size 025x25x50mmand mesh size @5x50mmare adopted for
SOLID65 elements andSHELL43 elements respectivelyThe dressstrain relationship of

steel section material and reinforcement is linear elastic up to yieldmgMises yield

criterion with bilinear isotropic hardening is used to simulate steel section and steel
reinforcement behavior at the nonlinear stagee bilinear stresstrain curve starting at the
origin with positive stress and strain values, the initial slope of the curve is taken as the
elastic modulus of the steel, at the specified yield stress, the curve continues along the second
slopedefined bythe tangent modulugll & 12]
The Drucker- Prager yield criterion associated with the flow rule is used to represent
the concrete slab behavid3] The plasticity and creep formulations used for concrete
material are therateindependent plasticityusing the model of cracking and crushing
capabilities, which predicts either elastic behavior, cracking behavior or crushing behavior. If
cracking or crushing behavior is predicted, the &astressstrain matrix is adjusted for each

failure mode.

This material modegbredictselasticbehavior, cracking behavior or crushing behavior.

If elasticbehavior is predicted, the concrete is treated as a linear elastic m#teratking

or crushng behavior igredicted, the elastic, stresgain matrix isadjusted for each failure
mode.The presence of a crack at an integration point is represented through modification of
the stressstrain relations by introducing a plane of weakness in atgirecormal tothe
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crack face. Also, a shear transfer coefficienintroducedn the programyhich represents a
shear strength reduction factor for those subsedoads which induce sliding (shear) across
the crack face. The streswain relationsdr a material that has crackedthen justified.

However Fig. (10c¢) shows the strengthof cracked condition. Whereaghe
superscrip{ck), which signifiesthe stress strain relations refer to a coordinate system parallel
to principal stress directionsgith the (X°*) axis perpendicular to the crafdce and(R\) which
is the slope (secant moduluajorks with adaptive descent and diminishes to 0.@Qhas
solution convergedVhere;(ft) is thetensile crackig stress(Tc) is multiplier for amount of
tensle stress relaxationif the crack closes, then all compressive stresses normal to the crack
plane ar@gransmitted across the crack and only a shear transfer coeffaremtlosed crack
is introduced14]

M oF
N

KL

¥
J B
Frism Optien
MNOP  § B A
K I }'Y ] ;% ) J
KL ® Tranguiar Cpfion

J x17 = Elerment x-axis if ES¥S is not supplisd

Tetrahedral Option
{not recommendsd) = Element x-axis if ESYS is supplisd,

(a) Solid65 brick element (b) Shel43 element
8}

KL

€

6 gck

(c) Strength of Cracked Condition
Figure (10) Elements used in finite element analysisd Strength of Cracked Condition

In geometrical nonlinearity, the large strain analyses account for the stiffness changes
that result from changes in &l ement ' s shape and orientatior
strain increments must be restricted to maintain accuracy, therefore, the total load broken into
smaller steps. Thewot —of —pl ane st iisfsignificasty affected by thesstate afc t ur e
in-plane stress i n that structur e. Thi s co
stiffness, known as stress stiffening, which is obtained using small deflection othieesy.
[14]

The connection between steel section and concrete slab is treated by using coupling of
coincident nodes, allowing the nodes to move separately in -thieection, and moved
together in the-zlirection and ydirection.

The finite elementanalysesconducted by applying the loads gradually, start with
10kNat the first step then automated step are used up to failure. The results of each step are
printed before moving to the next step. The program still computing until the failure occurred
in either concrete or steel elements, the cracked elements increased till the solution stop
converging, at that time the model are failed.

The finite element analysis results are presented in terms of the yieldRgag, (
from theloadslip curve and ultimae load Py;) which are listed in Tabl€r). The deflection
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at mid span of beam at ultimate stagg Y and slip at end of beam at ultimate stage produced
from the finite element analysis are listed in Tal@e In order to investigate the efficiency

of the model in simulating the beam test, the results are traced through the loading steps and
compared with those obtained experimentally at the same loading level. The variation of
finite element to experimental deflection rati®) s adopted and plottealong the different

load stages up to failure as shown in.Eid). The variation of finite element to experimental

slip ratio () with different load stages are also shown Fi§). As well as, the finite element

and experimentalresults are plottedni terms ofload-deflection curvesalong the different

load stages up to failure as shown in.Kigl), and plotted in terms of loaslip curves along

the different load stages up to failure as shown in Fig.(15)

Table (7) Experimental and Finite Element Yield and Ultimate loads

' Exp. F.E. : Exp. Pu. F.E. .
Specimen Puos (N) | Py (kN) % Difference (kN) Py (kN) % Difference
BHS1 138 179.5 23.1 176 217.8 19.2
BHS2 148 179.5 17.5 192 217.8 11.9
BCPB1 160 179.5 10.9 214.05 217.8 1.7
BCPB2 160 179.5 10.9 206.03 217.8 5.4
BTPB1 170 179.5 5.3 210 217.8 3.6
BTPB2 171 179.5 4.7 215.85 217.8 0.9

Table (8) Experimental and Finite Element Deflection and Slip at Failure

) Exp. F.E. . Exp. Slip F.E. Slip .
Specimen dly (mm) dly (mm) % Difference (mm) (mm) % Difference
BHS1 8.35 12.160 31.3 1.49 1.92 22.4
BHS2 10.52 12.160 13.5 1.83 1.92 4.7
BCPB1 11.58 12.160 4.8 1.91 1.92 0.5
BCPB2 11.89 12.160 2.2 1.34 1.92 30.2
BTPB1 10.13 12.160 16.7 1.34 1.92 30.2
BTPB2 9.37 12.160 22.9 1.18 1.92 38.5
AN

Figure (11) Finite Element Model.
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The finite elementesultsin termsof cracksand Von Mises stresses in concrete are
also shown in Fig/(16 and17).

Figure (16) Finite Element Cracks Patterns in Concrete Slab
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- - -
2.75 5.88 9.07 13.13 15.26 18.38 21.51 24.63 27.76 30.87

Figure (17) Finite Element Von Mises Stress in Concrete Slab (MPa)

Discussion

The experimental results show that the common shape of failure is the shear failure,
for the three test groups. The results of the three groups listed in(Gpblow that theises
of perfobond connecton composite beam enhanttee behavior of the beam represented by
reducing deflection and slip and increasing the resistance. Whereg®|thleadsresistance
is increased comparing with the stud connec
andt i angul ar perfobond connectors’ groups r e:
is increased comparing with the stud connec
and triangul ar perf obondAscwelhas ¢he hewlpuggestegir o u p s
triangular perfobond connector give an average ultimate strength 212.9 kN which is higher
than the average ultimate strength circular perfobond connector given as 210.04kN with a
difference percentage of about 1.36%.

The results shown in Fsg8 and9) show that the loads required to obtain the slips of
beams with perfobond connectors are more than that required for stud connector, as well as
the loads of beams with triangular perfobond are more than that required for circular one.
These resultspproved the applicability and validity of using the newly suggested type of
perfobond connector.

The finite elementmodel isvalidated through comparing their results with those
obtained experimentally. The differences between the finite element anthexmai results,
listed in Table(7), are shown to be 5% and 11% in for beams constructed with perfobond
connectors, and 20% for beams with stud connectors at yielding stage. At ultimate stage, the
differences are about 2%, 4% and 16% heams constructedith triangular and circular
perfobond connectors and stud connectors respectively. The results listed it8) ablaw
that the deflections and the slips predicted from finite element model are acceptable
comparing with those measured experimentallyyigtding stage, with a slightly large
differences obtained at the ultimate stage considering the differences in ultimate loads
produced from finite element model and the experimental result§1Bighows that the
deflection obtained from the finite elemt model during different load stages are compatible
with those measured experimentally. Fi§) shows that the slip obtained from the finite
element model are varied with those measured experimentally at the early stages and mostly
converged after yieldg, which also shown in Figs (14 and 15) in terms of leat®flection
curves and loaglip curves respéc

It can be shown from Fig.@), which represents the crack patterns, that the cracks
resulted under the applied loads, which it compatible witretperimental results obtained
and shown in Fig.(7). The results shown in terms of Von Misdsg.(17) at the stage of
failure explain clearly the locations of stress concentrations, whereas the concentration of
stresses under the loads area decreadtdive increasing of distance from the load points.
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Conclusion

This paper described an experimental study that focused on the behavior and strength

of steelconcrete composite beams with different types of shear connectors. The main
conclusions drawn fra this study are the following.

Steetconcrete composite beams designed and constructed with perfobond shear
connectors can develop highdtimate strengthof about 14% and 16% for circular and
triangul ar perfobond c o campacet with sthe beamso u p s
constructed with stud shear connectors.

The tests confirmed that the newly suggested triangular perfobond connector is applicable
and give a averageultimate strengthhigher than the circular perfobond connectar
aboutl.36%

The finite element model sed for analysis of stealoncrete composite beam validated
through comparing the results with those measured experimentally.

The results indicate that the finite element model can predict ultimate resistance of beam
with 0.9% to 5.7% diffeencescomparing with beams constructed wigerfobond
connectors and1.9% t019.2% differencesomparing with beams constructed wattud
connectors This might be lead taconclude that more detailedvestigationon the
simulation of composite beam ugifinite element methwis required in the future.

The finite element study described in this paper concentrated on using one model to
simulate the nonlinear behavior of concrete. Further investigation are needed to cover the
models used to simulate thenlinear behavior of concrete.
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List of Symbols

f ¢ 6 Concretecylindercompressive strength
fcu Concrete cube compressive strength
fy Steel yield strength

fult. Steel ultimate strength
bf Flange width
d Depth

tf Thicknes®f flange

tw Thickness of web

Pyield Yield load
diit Deflection

Putt. Ultimate force
ft Tensile cracking stress
a finite element to experimental deflection ratio
b finite element to experimental slip ratio
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