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ABSTRACT

This paper deals with a numerical investigatiorthaf behaviour of a new joint typology to
connect continuously composite beams in bridgess beam-to-beam joint consists of butt-
plates and headed stud anchors connected to ad¢raasconcrete beam. It has been designed
and tested under fatigue and monotonic loadingddseribe the joint behaviour, a general 3D
model is required. However, due to the nonlinessiinvolved (plasticity, cracking, contact,
friction, etc.) the convergence of the iterativeqass is very difficult to reach with such a
model. For an accurate interpretation of the testilts and a better understanding of specific
local behaviour, not accessible to measuremengqgaivalent 2D finite element model has
been proposed to approach the actual 3D probletar Aélibration against experimental data,
performances of this 2D model have been illustratedugh two studies: the parametric
influence of the butt-plate thickness and the maéforce transfer mechanism in the joint.

INTRODUCTION

In order to promote new composite techniques fadgas, different solutions have been
investigated for the design and the fabricationbedm-to-beam joints. In Europe, several
projects have been carried out on this subjecpst few years [1]. In France, taking benefit
of a National Research Project, the Laboratory toficdural Mechanics at INSA in Rennes
has undertaken research work to devise new typebeaf-to-beam joint ensuring the
continuity of composite beam in bridges. New jaygologies have been selected [2] with the
aim to find economic solutions using, if possib&andardized or ordinary prefabricated
elements easily mounted on site by the same builddr a minimum of construction
operations and without any sophisticated technol@gyoutdoor welding for example). To
point out that these joint solutions could be agaplio buildings.

Figure 1 — Beam-to-beam joints with butt-platesrmmted to a transverse concrete beam in a
multi-beam composite bridge.



Approximately half-scale specimens of typical medispan bridges as the one presented in
Figure 1 (Wilson bridge, Villeneuve Saint-Georgeésgnce) have been tested on the platform
of the Laboratory under fatigue and monotonic iasmeg loading up to the specimen
collapse. The analysis of the test results hasigedva rich set of experimental data on the
overall joint behaviour and also on internal foreduesin different parts of the studied
specimens. Taking advantage of this set of dataraadier to allow a thorough interpretation
of test results, several numerical models were ldeed [3]. Finelg [4] and Cast3M [5] codes
were firstly used for the development of these micaé models. Initially, preliminary
numerical work has been rather aimed to develop &.&. model involving multi-plate and
shell elements together with beam elements or 3id stements [3]. It is worth to mention
that at the same period several authors have pedpsisiilar 3D models ([6], [7], [8], [9],
[10]) for the modeling of composite sub-structune buildings or bridges. Based on a review
of the literature dealing with advanced F.E. maughs well as our own experience with such
models; one can conclude that 3D F.E. models arallysable to predict reasonably accurate
results in terms of global variables such as loggtdcement or moment-rotation. On the
other hand, when comparing the prediction of theselels against local experimental data
(as strain/stress results for example), the disecrey was often quite significant, specifically
around the contact zones between different maseriais well known that frictional contact
problems are very stiff and thereby generates agewee problems during the 3D F.E.
calculation. For this reason, several authors hadngsen not to represent frictional contact
interactions in their 3D models ([11], [12], [1814]).

Taking benefit of the experience gained througlseéhearious attempts and keeping in mind
the aim of developing a model able to give sigaific stress and strain local results, the
authors have turned to the development of a 2D nigaienodel. Indeed, a 2D model where
the number of DOF is reduced insures a better agewee of the iterative process and
consequently facilitates the realization of parametstudies. The introduction of

contact/friction elements between steel and coaaretterials is simpler and safer in 2D than
in 3D models because the contact is line-to-linfrgt case and face-to-face in second case.

To perform this modeling, the authors had firsstmw that the truly 3D problem could be

properly reduced to a 2D model. This was doneistaftom a series of push-out tests carried
out previously at the Laboratory and for which a @bnlinear finite element model was

developed [15, 16]. The push-out specimen was estitie the reference plane of the steel
beam web. Comparisons of the 2D numerical resgjsnat experimental data have shown
that the third dimension (perpendicular to the platress model) had a limited influence on
the results. Some calibrations (material and tictcharacteristics for example) performed
during the modeling of push-out tests were retafvethe study presented in this paper.

The paper is organized as follows: In Section le fipeometrical and mechanical
characteristics of the joint tested at the labayatd INSA-Rennes are firstly presented. The
test set-up and the type of loading applied tosiiecimen during the test are also indicated.
The 2D equivalent model is introduced in Sectiodt2e methodology to derive the material
properties is given in details. The “zone-equiva&nmethodology used to reduce the truly
3D problem to a simplified 2D nonlinear model igented. Constitutive models as well as
frictional contact interactions are also providéd.Section 3 and Section 4, the proposed
model is calibrated against several experimenta.da

In order to show the performance of the 2D developsodel, two studies have been
undertaken:



The first one, presented in Section 5, concernspdmametric influence of the butt-plate
thickness on internal forces transmitted through jtint and more particularly by the stud
anchors of the butt-plate.

The second one, undertaken in Section 6, is a gkeapproach for the internal force-transfer
mechanism through the joint.

To summarize, the main objectives of the paper are:

® To develop a 2D model able to give significant sgrand strain results in a composite
beam-to-beam joint as the one presented in thisrpap

® To show that the developed 2D model is an efficieal to perform parametric studies.
® To evaluate the part of the shear force transdhiitefriction through the joint.

@® In addition to the test results, to give a bettedarstanding of the transfer-mechanism of
internal forces through the joint.

1. THE EXPERIMENTAL TEST

The specimen tested at the Laboratory of Structdesthanics (INSA- Rennes) is presented
in Figures 2.a, 2.b and 2.c. It includes two contpobeams connected to a massive
reinforced concrete block which represents a platthe reinforced concrete transverse beam
of a real bridge resting on the entire length piex head through neoprene supports (for the
rest of the paper and in order to clarify the tétg “massive concrete block” will be called
“concrete transverse beam”). The concrete traneuaeam is simply supported at mid-length
of the specimen on a neoprene plate resting opposu Two vertical loads are exerted at the
two ends of the specimen. Beam lengths were chosender to obtain a realistic ratio
between the shear force and the hogging bendingembimansmitted by the beams to the
concrete transverse beam through the joints. Eaatpaosite beam is made of a HEA 500
steel section shear connected to a concrete (CASI&D. Transverse slab dimensionsiare

1600 mmand hc = 160 mm The slab widthb was defined as the effective widtly, in

hogging bending. According to [17], an effectivedtti of 1600mm equal to the width of the
slab, was adopted for the concrete transverse b&aencomposite beams are connected to
the concrete transverse beam by means of buttspleib®se dimensions are (6@20x45).
The butt-plate thickness of 4Bmwas chosen in order to ensure a sufficient difiusf the
compressive force transmitted by the bottom flaoigihe steel section. Effectively, as it will
be seen later in Section 4.2 of this paper, thé-fdate thickness has a real influence on
intensity of compressive stresses in the part efctincrete transverse beam located near the
bottom flange of the steel section. Each butt-plads equipped with 15 horizontal welded
headed stud anchors (the same as those used tectdma slab; see Table 1) distributed on 5
rows and 3 lines ensuring the connection betweeel sections of the composite beams and
the concrete transverse beam.
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Figure 2.c — Experimental test: Dimensions.

Actually, two joints on each side of the concretmsverse beam have to be distinguished. A
joint labeled B1 on the left-hand side and a jtatieled B2 on the right-hand side. For joint
B1 the butt-plate is welded with the steel beanmhwitfillet weld whereas for joint B2 a full
penetration butt weld is used. No difference waseoled during the test between these two
welded solutions and so, this difference of weldimgs not taken into account in the
numerical modeling and the assumption of a peredical symmetry (Z-axis in Figure 4)
has been kept.

Geometrical characteristics of the composite ceggdion are reminded in Table 1.

Table 1 — Geometrical characteristics of the contpasoss-section (mm).

Material Slab HEA500 Stud
Characteristics h. Q| G | tw b s ha r d2 | hse | di | k
Value (mm) | 160 | 21| 32| 12| 300 23 490 27 22 125 35 |10

Regarding the percentage of reinforcement and ahiome we will distinguish two zones per
span (Figures 2.c and 4). A zone called Slab2 wherepercentage of reinforcement (and
connection) would be the percentage of a continb@asn without joint. A zone called Slabl
near the joint where the slab has to ensure tinsfeaof internal tensile forces that would be
transmitted by the steel girder flanges if the beaas continuous. Considering a half-
specimen, the lengths of the two zones are @0or Slabl and 1156mfor Slab2 (Figure
4). In Slab2 zone, the percentage of longitudiaadforcement is 1.26%. The reinforcement is



composed of 2 layers of 8 ribbed bars - S500 ahbédiameter. This part of the slab is shear
connected to the steel flange girders with 10 weldeaded studs (Table 1): 2 lines of 5
welded headed studs. In Slabl zone, the percentdgegitudinal reinforcement is increased
to 2.67% (9 additional rebars of hémdiameter — S500 are added to the 2 layers of dibbe
bars of Slab2 zone) and the number of headed s&udsreased to 16 welded headed studs: 2
lines of 8 welded headed studs having the same anexai characteristics as studs of Slab2
zone. The concrete transverse beam and the slatbaceeted in same time and so with the
same concrete material. The percentage of longialidieinforcement of the concrete
transverse beam is equal to 1.26%.

The experimental setup includes two hydraulic sewmatrolled actuators. Each actuator
applies a vertical load F at each beam end cragssse of the specimen. Two types of servo-
controlled loading displacement procedure weretegefFigure 3): firstly, a fatigue loading
of 110000 equivalent cycles under a KROrange of the force F applied by each actuator with
a frequency of ¥ Hertz and secondly, a monotonjidaltreasing of actuator displacements
towards the specimen collapse.

Final monotonic loading

F (kN) 4
(used for measurements)

»

20C
30

Figure 3 — Loading history.

Main measurement devices during the tests werdinameters, linear potentiometric
transducers and strain gauges used to measureoitie rptation, deflections, relative
displacements (slips) and strains at several pafrtshe specimen. Crack widths were
measured on the top surface of the concrete slab.

Mechanical characteristics of each component ojdim¢ are summarized in Table 2.

Table 2 — Mechanical characteristics.

Component CharacteristicsMPa)
HEA 500 Ea = 210000 fy s(web = 450, fy s(flange9 = 520
Butt-Plate Ebp = 210000 fy,pp = 385
Concrete slab Ecm= 35200,fck = 40 2 fem= 48, fem= 3.5
Rebars Es = 200000 fy,s= 585
Studs Ec. = 200000 andy,c = 529

2. THE 2D F.E. MODEL

The aim of this Section is to propose a represeet@D simplified model that insures a fast
convergence of the iterative process, particulautien contact finite elements (line-contact)
are used at the interface between materials. 3D rdelel for joint with different materials
are relatively complex with large number of DOF aiften interpretation in terms of local



stresses and strain may prove to be difficult. A®@sequence, the load transfer mechanisms
are difficult to identify and therefore hamper thevelopment of mechanically-sound design
models. In contrast, the output coming from 2D ntede less important and one can take
advantage of the 2D nature of the models to betterpret the results. Nevertheless, before
reducing the actual 3D problem into a simplified bcurate 2D, it appears important to
proof that third dimensions of the specimen perpriar to the 2D plane model (called
hereinafter: “out-of-plane” dimensions) does ndeetf significantly the results. In previous
companion papers [15, 16] different configuratiohpush-out tests have been modeled using
the 2D proposed model. For each test, comparisetvgelen obtained numerical results and
corresponding experimental results have showedta gagligible contribution of the out-of-
plane effects (along the axis perpendicular towtkb surface of the steel section of the push-
out specimen) showing the ability of the 2D promgbseodel to simulate correctly the
behaviour of composite sub-structure. Results e$éhfirst studies have been encouraging in
pursuing the 2D F.E.M. modeling to simulate the posite beam-to-beam joint under
investigation in this paper. In addition, thesestfistudies allowed adjusting some internal
parameters of the numerical modeling as it wilsben hereafter.

2.1 “Zone-equivalence” method

The proposed F.E. model takes benefit of the \artsymmetry of the specimen. The
principle of the “zone-equivalence” method is taduee the out-of-plane dimensions of the
specimen to unity width ilY-axisdirection. The method involves 2 stages:

First stage — Homogenization principle

Original depths for each material encountered algraxis have been previously defined.
They will be recalculated in accordance with th#edent zones identified from A to K in
Figure 4.

ZA

=2

Figure 4 — 2D F.E. mesh and boundary conditions.
Table 3 — First stage: Homogenization principle.

. Equivalent
- Equivalent :
: Original . homogenized
Zone Materials encountered .. homogenized .
characteristics . material
material
depths ¥(mm)




{Transverse beam concre {Itb,eff =650 M | Transverse beam
A 688 mm
Rebars (1.26%) p, =1.26% concrete
Transverse beam concre | |l =650 mmr
B Rebars (1.26%) p, = 1.26% Horizontal studs 176 mm
Horizontal studs L lines of@22
C Slab concrete (Slabl) ¢ 1600 mm SIa(bSlc;obnlc)rete 1600 mm
Slab concrete (Slab b, = 1600 mn ,
P {Vertical studs {2 lines of®22 Vertical studs 318 mm
E Slab concrete (Slab2) bc = 1600 mm SIa(bSlc;obnzc)rete 1600 mm
Slab concrete (Slab b, = 1600 mn _
- {Vertical studs {2 lines of®22 Vertical studs 318 mm
G Butt-plate B = 520 mm Butt-plate 520 mm
H Steel beam web wE 12 mm Steel beam wehb 12 mm
I Steel beam flanges £ 5300 mm Steel beam flanges 300 mm
Slab concrete (Slab b, = 1600 mn
J {Rebars (2.67%) {ps]lz 2 67% Rebars (Slab1l) 764 mm
Slab concrete (Slab b, = 1600 mn
K {Rebars (1.26%) {ps,Z —1.26% Rebars (Slab2) 510 mm

Remark about Zones A and B (Table 3):

The compression force transmitted by the bottosl filnge is assumed to spread uniformly
through the butt-plate thickness in bending undher bearing pressure and the width of the
concrete of the transverse beam as shown in Figur8o, in order to model suitably the

force-transfer mechanism towards the concrete rarse beam an effective lendgh,; has
been defined as follows:

lp e =0 +2C+ Ry tard 1)

Where: his the width of the bottom flange of the steelisedhr = 300 mm; see Table 1); the
additional bearing width(c = 76 mm) is calculated according to Section.%.@f EN1993-1-8
[18]; bw = 400 mm is the (width of the transverse beamyfadg2.c); andd is the maximum
angle of distribution of the compression force tigb the mid-width of the transverse beam

(6 = 26.5°, see Section 6.7 of EN 1992-1-1 [19]). Skhealues lead tg, . = 650 mm.



Figure 5 — Effective width of the contact (butt{ela transverse beam).

The homogenization principle is used to get egeiviamaterial for each zone. Table 3 gives
also original materials encountered in Y-axis dimt and corresponding homogenized
material. In this tableps is the percentage of reinforcing bars in each acparts of the
specimen. Only the zones: A, B, D, F, J and K (idolg steel and concrete materials) are
concerned by homogenization principle. The equival®mogenized material depthis are
calculated as follows:

ZoneA:

bars-. concrete__
q

concrete.
ZoneB:

Yh — ytb|: 1- 1%50( 1- 'igrsﬂ concrete):| (2.)

E—S Is the equivalence coefficient used to replacefoecing bars by equivalent

cm

2

bars- stud
— oncrete- stu Ps n, ncretes stu
Yh - ytb rgq o 1: - 100{ 1_ or?cret& studJ:| + ng( r ZE o j (Zb)



bars-, stud _

Neq

—> is the equivalence coefficient used to replacaefoecing bars by equivalent

C

stud material.

concrete- stud — Ecm
NG =——m

is the equivalence coefficient used to replacestrarse concrete beam by
equivalent stud material.

n is the number of stud anchors encountered in &cton in the transverse concrete beam (
= 3 lines) anal, = 22mmis the stud anchor diameter.

ZonesD and F:

Yh — b:rggncrete-' stud+ ndz( 1_ choncrete Stl)j (2.C)

Zones]) and K:

For the slab, it is suitable that the concrete thedrebars appear separately in order to be able
to evaluate the tension magnitude in the rebarshithcase, no homogenization was carried
out for the slab (Zones C and E — Table 3) exaapthie longitudinal fibre that represents the
rebars. With the aim to simplified the mesh, tloisditudinal fibre will have same height all
along the specimerhd). Nevertheless, the percentage of rebars in S{phil= 2.67%) is
different than the one in Slab?st = 1.26%), this difference will be included in the
calculation of the homogenized rebar material depthe corresponding fibre as follows:

1
Y = oncrete- bar: 1_ p s,H 1_ )
h b: rﬁq 1: :I_OOI,a [ rigncret& barsJ:| (2 d)

Psi (i = 1, 2) is the percentage of reinforcing barsefach part of the slab (Slabl and Slab2)

concrete- bars__ Ecm

and n,; £ Is the equivalence coefficient replacing slab cete by equivalent

S

reinforcing bars. Recall thdt is the slab height (16m). In this model, the heighty of
equivalent rebar has been taken equall#®; with ds the distance between the top of the
vertical stud and the top of the slab.

Second stage — 2D equivalence

In second stage, original Young’s moduli and yiskilesses (Table 2) are respectively
multiplied by the corresponding widtls. Table 4 summarizes the mechanical characteristics
for each equivalent material of the proposed 2D ehod

Table 4. Mechanical characteristic adjustmentstfersimplified 2D model.

, . Yield stresses (MPa)
Zone Young’s moduli (MPa) Concrete : (fn fon)
Actual 3D problem Simplified 2D model Actual 3D lplem Simplified 2D model
A 35200 24217600 (48, 3.5) (33024, 240)
B 200000 35200000 52¢ 93104
C 35200 56320000 (48, 3.9 (76€00, 560()
D 200000 63600000 529 168222
E 35200 56320000 (48, 3.9 (76800, 560)




F 200000 63600000 529 168222
G 210000 109200000 385 275080
H 210000 2520000 450 6348

I 210000 63000000 520 158700
J 200000 152800000 585 446940
K 200000 102000000 585 298350

It worth to mention out that the mechanical charastics, obtained for the simplified 2D
model (Table 3), appear unrealistic because theéhwoél the whole specimen is reduced to
unity. Nevertheless, it could be possible to reding width to 1000mm (for example) in
order to obtain values comparable to the actuap8iblem ones. This will not change the
results if one takes it into account during thetmecessing stage. In this work the values are
kept as they are given in Table 3.

2.2 Equivalent 2D mechanical behaviours

The equivalent 2D model and the actual 3D specishenild have same average deformation.
This means that the mechanical behaviours shoultlbpted in accordance with mechanical
characteristics of Table 4.

- For steel materials (web, flanges, studs, butepnd rebars), an elastic-plastic behaviour is
used in tension as-well-as in compression with &esfor hardening (Figure 6.a).

- For the concrete slab (Figure 6.b), a non-liresdraviour combines Rankine cracking model
in tension with Driicker-Prager plastic model in goession. The tensile strengthg,( and

f..) and the ultimate straingf, and ¢.,), in tension and in compression for both principal
stress directions must be introduced in the model.

O 4 O-A
1 2D

5% hardening

E 3D lllll
f, e
2 SN
® i ctm Compressio 3
ctm
(a) — Steel. )~ Concrete

Figure 6 — 2D-3D equivalent material behaviours.

2.3 Contact-friction interfaces and loading conditons



Contact finite element formulation used in the modebased on the kinematic method:
contact without penetration and friction conditicar® described kinematically at the nodes.
They are expressed in terms of displacements ameédoln accordance with Figure 7, the
normal relative displacement and corresponding abforce are Jn, N) and tangent relative
displacement with corresponding force ddg T), both conditions can be written as follows:

- Contact without penetration condition:

U,=20, N=20, UN=0 3)
- Friction condition:
(U >0 = -T=ub) or (U =0 = -T<uD) (4)
T - . .U,
where: N is the friction coefficient andD —m.
t

Practically, two lines of nodes must be created f@mn each material (Figure 7). These lines
must be as close as possible (practically a gdpldf of the distance between two nodes of a
same line) that makes the contact between the rcfoset-nodes. This precaution ensures
good convergence of the iterative process. Figwgleddvs different contact-friction interfaces.
According to the results of the numerical calibvatiundertaken in [15] and [16] against
experimental results of 20 push-out tests, theo¥atig values of friction coefficient have
been selected; a value pf = 0.3 between the top flanges of the girders andslie and at
the butt-plates / transverse concrete beam inesfae value oflz = 0.2 between the headed
studs and the concrete. A perfect adherence bettireerebars and the concrete of the slab
has been considered.

Ut ff—
Uh

Figure 7 — Contact at interfaces.
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A: Top flange - Slab

B: Vertical studs - Slab
C: Butt-plate - Transverse beam
D: Horizontal studs - Transverse beam
E: Rebar - Slab

Figure 8 — Contact-friction interfaces.

3. MODEL CALIBRATION

As shown previously in Section 2 and Figure 3, ¢éixperimental test begins by a cyclic
loading procedure. Even if the number of loadingley and their magnitude remain in the
elastic domain, micro-cracks were observed ondpeot the zone of the slab called Slabl. In
order to take into account this pre-loading effacttthe numerical model, the concrete

mechanical behaviour must be well-calibrated.

The calibration must approach as close as postibleeal behaviour of the specimen during
this pre-loading stage. After this stage, at thgirlmeng of the monotonic loading, the micro-
cracks could be supposed closed and the matec@aeeits original stiffness.

A parabolic decreasing of the mechanical parametetise slab (Figure 9) is adopted in this

work using a penalty factgr that multiplies the Young’'s modulus as well as yiedd stress

of the concrete slab. Since the cracks disappettreaénd of the Slabl, the penalty factor
becomes equal to 1.

-
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—

0,9 /
0,8 <

0,7

0,6

0,5

Slab1

Slab 2

Penalty factor p

0,4
0,3

0,2

0,1

500

1000

1500

2000

2500

Longitudinal distance X (mm) from the mid-axis of the transverse beam

Figure 9 — Calibration of mechanical parametergtierconcrete slab.




The assumption/simplification of the cracking ofetltoncrete has an important effect
especially for the initial stiffness slop of theinb behaviour. It is pointed out that this
assumption/simplification is based on a numeri@dibcation. Figure 9 shows that penalty
factorp that multiplies the Young’s modulus as well as yiedd stress of the concrete slab is
fixed to 0.8 at the beginning (mid-axis of the Ba@rse beam) and decreases to 1 at the mid-
length of the specimen (no micro-cracks observethiatdistance at the end of the cyclic
preloading). The parabolic decreasing of the pgralttor remains a pure assumption but the
value of 0.8 has been obtained after several ngalesimulations with the principal criterion

is to have the numerical curve as-close-as possléhe envelop of the experimental
measurements on concerned distance.

First comparison between numerical and experimagtallts concerns th& - J) curve at
the end of the specimen. It appears in Figure &0 ttie model gives accurate results. The
penalty factop has been calibrated in order to best fit the empeelturve of the experimental
load-displacement curve.
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Figure 10 — Comparison of the (load-displacemesslits at the end of the specimen.

The comparison between numerical and experimeesallts of the vertical stud slip and the
butt-plate horizontal displacements concerns 3ifgpdtages: 20&N, 600 kN and 900kN.
Figure 11 shows the stud slip variation along ltudjnal X-axis of the specimen obtained by
the numerical model and compared against the erpetal measurements. Considering the
low slip values (both measured experimentally aetewined numerically) the obtained
results can be estimated as satisfactory. The geskape of the slip distribution observed
experimentally has been well found numerically.tlie parametric study that follows this
model calibration, the Slabl as-well-as the Slabbbe considered without cracks (no cyclic
pre-loading for the specimen). Figure 12 showshibrézontal displacements of the butt-plate.
The model gives a relatively good representatiorthef horizontal displacements over the
butt-plate height except at the top of the buttelahere the displacements are overestimated
(which is consistent with the above slip resultshaf model). It is pointed out that the rotation
centerR of the butt-plate is at the same location for batmerical and experimental curves.
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Figure 11 — Comparison of the slab stud slip.
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Figure 12 — Comparison of the butt-plate horizodtgplacements.

4. RECOVERING LONGITUDINAL STRESS MAGNITUDE IN THE SLAB REBARS

In order to complete the model calibration madéhim previous Section 3, a checking of the
capacity of the 2D developed model to provide digamt stress results has been undertaken
in this Section 4. Such a comparison is possibléhen case of slab rebars, insofar as the
calculated stresses are simply axial and whereBN&994-1-1 [20] provides a simple
analytical model. The butt-plate thicknesssidered in this Section is equatomm

The tensile stress magnitude in the rebar (1.9384B& —Figure 13) given by the numerical
2D model must be modified to recover the real stredue of the actual 3D problem. This
post-treatment consists in dividing the calculatathe by appropriate width, (Table 3) in
accordance with the corresponding zone. It is dlear the post-treated stress so calculated
will correspond to the actual 3D model but in horrtiged configuration.
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Figure 13 — Longitudinal stregsy for F = 600kN.

Referring to Table 3, the equivalent homogenizedema depthYh is equal to 764mm
because this part of the rebar has same charaictetisan those of “Zone J” in Table 3. The
magnitude of the tension in the rebar obtainedheynumerical model fdf = 600kN is:

(ygnunj - 1.9FE + ()ES:: 253\IPa (ES)
764
For the analytical model, the rebar vertical posi#™™ (Figure 14) is equal to:
2™ =h, +(h+ h.)/2=490+(160 125 /2 638N (6)

If one considers that the area of the rebar in SliabAs = 6835.2 mri, the neutral axis
position is:
{num) 490/2)x 19756- 638 6835.2
2LAYL A (490/2 Z3s48nm  (7)
A+A 19750+ 6835.2

whereZa = ha/2 is the centroid position of the steel cross-seciindA. its area.
An analytical calculation of the tensile stresshia rebar gives:

(ana) -
° I

Meo(Z0-Z,) 600x 2.3 16( 633 344)8
= Z270MPa  (8)
1473242000

whereMeq = Fxd (with: F = 600kN andd = 2.3 mis the distance from the applied load to
the concerned cross-sectiom.is the second moment of area of the effective vedeint
section neglecting concrete in tension but inclgaginforcement.

o
2

Compared to the numerical valuef(s”“m):ZSBMPa, the analytical elastic value

o{j‘”*‘) =270MPa is larger. This result is not surprising if one swlers that the analytical

calculated value results of the simplifying assuons of the beam theory and consequently
does not take into account the interface interastias slip, friction..., as is the case in the
numerical calculation.



In order to underline that the bending moment spoading to the loadc = 600 kN
considered in the above calculations is close ¢oeflastic bending momeMeirq a simple
elastic calculation shows that the elastic hogdiegding is obtained when the yield stress is
reached at the bottom flange of the steel beaam € fy.a); in this case we havéMerd = -
1461kNmand the corresponding loadAs= 635kN.

Total rebar
-

7y - 4 he Os
SC }[_ O_a’t
I @
Zas
y

Ua,b

Figure 14 — Elastic hogging bending.

5. BUTT-PLATE THICKNESS INFLUENCE

As mentioned in the introduction, to illustrate fherformances of the 2D model, the example
of the parametric study of the influence of theiatgwn of the butt-plate thickness was
chosen. Indeed, the butt-plate thickness is on¢h@fmost influential parameters on the
behaviour of the type of joint under investigatiarthis paper. Keeping the same geometrical
and mechanical characteristics of the experimep@timen, the thickness of the butt-plate is
varied, starting from 20nm (the lowest possible thickness in our case reggravelding
possibilities) to 60nm considering a 1hmincrease between two consecutive thicknesses.

5.1 Plot principal stresses

The same post-treatment described in Section gpkeal to the principal stresses obtained by
the simplified 2D model.

In Figures (15, 16 and 17) are plotted the maxinpuimcipal stresses with regard to the butt-
plate thickness for the steel beam flanges, thé-piate and the horizontal stud anchors
respectively. Three loadings have been considemnedhitial loading of 20kN, a loading of
600 kN near the serviceability state and a loadin§@d kN close to the ultimate state

The increasing of the butt-plate thickness leadsltowing remarks:

- A slight increase of the compressive stressesitnitted by the lower beam flange when the
butt-plate thickness increases from 20 mm to 40 amch a more significant increase of the

tensile stresses transmitted by the upper beargdlarnen the butt-plate thickness increases
from 20 mm to 60 mm (Figure 15).

- Tensile and compressive stresses in butt-plaesedse significantly (Figure 16). Maximum
values are located at the welding with the top-stwd for tension and at the welding with the
bottom steel beam flange for compression.

- A slight increase of the maximum tensile stressesbserved at the top stud anchor row of
the butt-plate and conversely a slight decreasthefimaximum compressive stresses at the
bottom stud anchor row of the butt-plate (Figurg 17
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5.2 Plot longitudinal stresses

Concerning maximum tensile and compressive stressée web and in the transverse
concrete beam, the interest was focused on thatwariof the longitudinal stress« along
the lines (W) for the web of the steel beam andf¢f)the transverse concrete beam (Figure
18). The stresses obtained by the proposed 2D-nfadad been divided by corresponding
depths according to Table 3h(= 12 mm for the web andr, = 688 mm for the transverse
beam).

T (M) X

Figure 18 — Lines (W) and (T) for stress plots.

- In Figures 19 (dealing witthe line (W) defined in Figure 18 by the axigs &hose origin is
located at the bottom of the steel beam web), tiwease of the butt-plate thickness
significantly reduces maximum tensile stresses hat top of the web more than the
compression at the bottom. As can be seen, thsssthigtribution is not symmetric with a
compression zone significantly larger than theitanene. A tensile stress peak appears at the
level of the upper stud row whereas a quasi liceanpressive stress distribution is observed.
After a small decreasing of the position of thetreduaxis at the beginning of the loading, the
neutral axis remains in a fixed position of theektgrder web. With the increase of the butt-
plate thickness a decreasing of the maximum tessikss in the web of the steel beam is
observed. For example, when the butt-plate thickmesreases from 26hmto 60 mm the



decreasing of the maximum tensile stress is 66%-fer200kN, 58% forF = 600kN and
36% forF = 900kN. In compression zone, the decreasing of the maxicampressive stress
in the web of the steel beam is only 12%, 10% &td@ same load levels, respectively.
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Figure 19.a — Butt-plate thickness influence onweé longitudinal stresses
(Line W — Figure 18) + = 200kN.
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Figure 19.b — Butt-plate thickness influence onwled longitudinal stresses



(Line W — Figure 18) + = 600kN.
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Figure 19.c — Butt-plate thickness influence onwled longitudinal stresses
(Line W — Figure 18) + = 900kN.

- In Figures 20 (concerning line (T) defined in thig 18 by the axis Zwhose origin is
located at the bottom of the transverse concreaenpet can be observed that the increase of
the butt-plate thickness significantly increaseximam tensile stresses at the top of the
transverse concrete beam and in equivalent ratiediices the compressive stresses at the
bottom flange level. Comparing maximum stresseainbt for 20mmand 60mm butt-plate
thicknesses, respectively, the increase of thdléessesses is around 50% for béth= 600

kN andF = 900kN while compressive stresses reduce of about 26%.
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In conclusion of this Section, it appears thatiartér thickness of the butt-plate may lead to
higher compressive stresses in the transverse déawever, a thicker thickness of the butt-
plate tends to increase tensile stresses in theviease beam and in the beam flange. So, it
seems that the choice of an intermediate thickmeske better solution. This conclusion
confirms the choice of a thickness of #4%m made for the design of the test specimen
presented in Section 2. A same thickness of 45 nmam wetained in the presentation of
Sections 4 and 6.

6. FORCE-TRANSFER MECHANISM

Previous investigation leads to pay an attentioth&force-transfer mechanism towards the
joint. In Figures 21 are plotted the principal stes over the whole specimen for a butt-plate
thickness equal to 4B1mand an applied load equal to 6KR. Von-Mises stresses are also
plotted in the same figures.




Zoom B

Figure 21 — Principal stresses in the specinken 600kN —Butt-plate thickness = 4&n).

The internal forces transmitted by the composit@nbeross-section close to the joint are: a
vertical shear forc®¥eq and a bending momeMeq. In the joint, the hogging bending moment
Med is primarily transmitted by:

- Tensile forcd~eq in the longitudinal rebars of the slab;
- Compressive forcE¢eqin the bottom flange of the steel girder.

Maximum tensile stresses are effectively observethé longitudinal reinforcement near the
joint (Zoom A — Figure 21) and maximum compressstesses in the steel bottom flange
(Zoom B - Figure 21).

In addition, internal additional forcd$.d andMag are also transmitted by the web fastening
ensuring the global equilibrium of normal forcesddarending moments of the joint cross-
section.

The normal compressive force coming from the botflamge is firstly transmitted through
the butt-plate to the transverse concrete bearas$Sttiffusion through the butt-plate thickness
is observed beginning from top and bottom weldioois between the bottom flange and the
butt-plate. The diffusion trough the butt-plate axsated with an additional diffusion effect
due to the bending of the butt-plate is essentialetiuce the intensity of the compressive
stress transmitted to the concrete of the transvieeam. The maximum compressive stress
transmitted by the steel bottom flange is @Rafor F = 200 kN, 170 MPafor F = 600 kN
and 258 MPa for F = 900 kN). The maximum compressive stress in the transvaeerete
beam is only (MPafor F = 200kN, 22 MPafor F = 600 kN and35 MPafor F = 900 kN).
These results are consistent with #uglitional bearing widtte introduced in Section 6.2.5 of
EN1993-1-8 (see Section 2.1 of this paper, Figiyre 5

6.1 — Tensile stresses in the slab rebars

In order to highlight the influence of the perceygaof longitudinal reinforcement in Slabl
and Slab2 on the force-transfer mechanism, thel¢éessesses in the rebars are plotted in
Figure 22 for each loading levdt € 200kN, F = 600kN andF = 900kN) in three different
cases:

- Case 1 (Reinforced case): percentage of longitldenaforcement in Slabl: 2.67%
(6835mnt) and in Slab2: 2.67% (6836nT).

- Case 2 (Experimental case): percentage of longidideinforcement in Slabl: 2.67%
(6835mnt) and in Slab2: 1.26% (3226nT).

- Case 3 (Unreinforced case): percentage of longiaddeinforcement in Slabl: 1.26%
(3226mnt) and in Slab2: 1.26% (3226n7).



One reminds that the yield stress of the reinfoe@nsfys = 585 MPaand referring to Table
2, equivalent homogenized rebar detor Case 2 is equal to 76dmin Slabl and 51éhm

in Slab2. The stresses obtained by the numericdeighould be divided by these values in
order to recover the real tensile stress in tharcdbifferently, all along the slab, for Casél

= 764mmand for Case 3¢h = 510mm

Even if it is clear that the number of studs in #iab should be in accordance with the

percentage of rebars for a correct transmissicthefeffort at the interface between the slab

and the steel girder, this simulation changes tmtypercentage of rebars and keeps all other
parameters unchanged.
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Figure 22 — Tensile stress in the rebar — Influesfdbe percentage of reinforcement.
One observes that:

- Whatever the case, maximum tensile stress israbdeclose the ™ vertical stud-row. In
fact, this cross-section is close to the discortlynbetween the butt-plate and the transverse
beam. The cross-section located at the same Xigosits the ¥ stud-row appears less
stressed than the precedent one even if it is chkoséhe butt-plate. The experimental test
results for F exceeding 90N showed that the failure has been obtained at theeztical
stud-row which could confirm this numerical resuftis slight shift of the critical cross-
section is a real phenomenon to consider.

- Comparing Case 1 and Case 2, equivalent tertsieses are observed in Slabl because the
same percentage of reinforcement is adopted. Neless, in Slab2, the experimental test
(Case 2) shows tensile stresses greater than #& ionCase 1 because the percentage of
reinforcement decreases from 2.67% to 1.26%. Traseasing of the tension force is not
detrimental in this area of the specimen (Slab2).

- In Case 3, the decreasing of the reinforcemenit26% all along the specimen leads to an
important increasing of the stresses especialylabl that could reach the yield stressFor
= 900kN.



This numerical simulation confirms the validity thie choice to vary the reinforcement of the
specimen from Slabl to Slab2 that has been addptélde experimental test.

6.2 — Longitudinal stresses in horizontal stud-rows

In Figure 23, the longitudinal stregg at each horizontal stud-row and for each loadavgll

(F = 200kN, F = 600kN andF = 900kN) and for the experimental specimen (Case 2 in
Section 5.1) is plotted. It is pointed out that thenerical values obtained directly from the
model are divided by corresponding depth= 176 mm(Table 3 — Material B). The tension
from the top flange is mostly transmitted to the &iuds and the compression (from the
bottom flange) is mostly transmitted to the bottstuds. The internal studs do not support
high stresses but are subjected to the effect ®efwhb fastening (normal compression +
bending moment) that give them low tension for semes and compression for others. These
results are consistent with those of Figures 2 (@pnd c) where longitudinal stresses in the
transverse beam are shown. In Figure 23 (right harmbom of the longitudinal stregs; in

the isolated system (Horizontal stud-rows + Bu#t@l+ Steel beam) is also presented. One
observes that the butt-plate deformation is in etace with the curves presented in the
same figure (left side).
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Figure 23- Longitudinal stressesxx at each horizontal stud-row

6.3 — Shear stresses in horizontal stud-rows

Figure 24 shows shear stresses plotted at each horizontal stud-row also for the
experimental specimen (Case 2 in Section 6.1). @dserves that the shear fofees mostly
supported by the bottom stud-rows. Referring to],[1be behaviour of this located zone
subjected to a shear force is similar to the casestandard push-out test. One distinguishes 3
parts of the shear force transmitted by the joint:

- First part supported by the horizontal stud-rows.

- Second part supported by the contact reactioneofrdnsverse beam concrete located
at the base of each stud-row.

- Third part supported by the friction between thé-plate and the transverse beam.

The sum of these parts must be equal to the apldadiF to ensure the equilibrium. This
analyze has been clearly developed in [15] in @eeoof push-out tests where equilibrium
conditions were well verified.
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Figure 24 — Shear stressss at each horizontal stud-row.

In order to know the portion of the shear force psrged by friction, one considers the
difference: (Zf = F — W ) between the applied load and the total vertical forcgW
transmitted by the studs. Considering the butteptet the isolated system, it is easy to verify
that these value W in Table 5) are the sum of nodal vertical forcakcalated from the
shear stresses plotted in Figure 24 after multygiythem by corresponding depth = 176
mm (Table 3 — Material B) and bgp = 22 mm (Table 1) corresponding to the diameter of
stud. For each loading levgfF = 200kN, F = 600kN andF = 900kN), Table 5 summarizes
the percentage of the load8VIF andZf/F transmitted by each part. It is clear that, forheac
value ofF, the total force equilibrium must lead to:

W f
WL 2T 00w ©
F F
Table 5 — The shear force transfer.
W f
LoadF (kN) ZT (%) ZT (%)

200 185.8/200= 939 (200-185.§ /206 79
600 509.2/600= 859 (600~ 509.3 /606 15°
900 741.9/900= 829 (900- 741.9 /906 18¢

In Table 5, one observes that the friction increaseh the increasing of the applied load.
Percentage of the forces transmitted by frictiopeaps significant especially fér> 600 kN.
This friction is localized predominantly on the lempart of the butt-plate.

7. CONCLUSIONS

The main conclusions for the present work coulduramarized as follows:

¢ |t has been shown that the simplified 2D modelyvimgsly used to investigate push-
out tests, is also an efficient tool for the analysf such a type of joint as the one
studied in this paper.



* |t has been shown that the developed 2D model aellow perform parametric studies.
Other parametric studies could be envisaged suchthassize of the studs, the
percentage of reinforcement of the slab and theswerse beam...and could be the
subject of a following paper.

e Main joint components affected by the increasingooft-plate thickness have been
clearly identified: tensile and compressive stressdhe transverse beam, shear forces
and normal forces in the stud-anchor rows of thi-piate and longitudinal stresses
over the width of the steel girder web near thatjoh simplified design rule may be
adopted in choosing a butt-plate thickness of albwige the flange thickness of the
steel section of the composite beam seems to @@ gompromise in order to limit
concrete stresses due to the local compressioheantransverse beam and not to
increase too much the tensile stresses in thedknfthe steel section.

® The use of contact-friction elements is necessapphclude on the part of shear force
that is supported by friction in such a type ohjoit could be suitable to develop a 3D
model to give more realistic values of this peraget (Table 5). Nevertheless, with
this proposed simplified 2D-model a minimum of 1@¥the applied load could be
already considered. In view of these results, tbsitipn of EN1994-1-1 which
consists to not add the frictional forces to thieafof the shear connectors appears
safe in so far as the part of the frictional foreesains low and unsecured according
to the values of the loading.

e A better understanding of the transfer-mechanismintérnal forces in different
components of the joint has been obtained from déeeloped numerical model;
especially in the butt-plate, in the attached stgeder cross-section, in the stud-
anchors, in the reinforcement of the slab and & ttansverse concrete beam. The
effect of the web fastening on the horizontal stinmdhor rows of the butt-plate has
been also clearly observed.
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