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1. Introduction

In the framework of the project Precobeam [1], a newmethod in
steel-concrete composite beams was developed to connect a
steel beam with a concrete slab using continuous shear
connectors instead of widely used headed studs. These
connectors were formed by cutting the web of an I-beam with
specific line, so to obtain two T-beams which webs were
terminated by connectors, see Figs. 1, 2 and 3.

After casting and hardening of concrete part of composite
beam, the connectors embedded in the surrounding concrete
guaranteed an effective transfer of the longitudinal shear forces

betweensteel and concrete part of the beam.Thiswasbecause of
interlocking of concrete dowels between steel connectors. This
way new, effective method of composition steel and concrete
parts into one composite beam was developed. Contrary to
headed studs, application of continuous shear connectors
allowed for obtaining steel part of a composite beam in a fully
automatic way. Advantage of composite beamswith this type of
connectors is also significant reduction of steel consumption, as
in compressed parts of cross-section steel may be completely
eliminated and replaced by much cheaper concrete.

During the realization of the project [1], several static and
cycling tests have been carried out on elements (POST
elements, newly designed NPOT elements and beams) with
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a b s t r a c t

In this paper, the authors present studies leading to the evaluation of the elastic resistance of

the steel part of a continuous shear connection named MCL dowel. The MCL dowel is now

themost commonly used shape of continuous connector, chosen amongmany others for its

combination of good fatigue, elastic, and ultimate resistances. A method for the calculation

of stress in the steel dowel is described in the paper. It is based onmathematical derivations

followed by FE analysis. It is assumed that the steel connector is stressed as a result of a

global stress state at the dowel root (being a part of the entire beam) and of a local effects of

longitudinal shearing between the steel and concrete parts. Results of the mathematical

derivations are confirmed experimentally. Full-scale tests of beamelementswere performed

with measures of strain in many points of selected connectors. A comparison of strains

derived from the proposed designmethodology andmeasured during the experimental tests

is shown and discussed. The results herein presented are fundamental researchwhichwere

one of backgrounds for fatigue limit states of composite dowels for purposes of implemen-

tation of composite dowels to the second version of Eurocode 1994-2.
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connectors having various shapes [1,2]. The strain on open
connectors, which are an integral part of the web of the steel
beam, depended not only on the longitudinal shearing forces,
but also on the global distribution of normal stresses in the

beam. Since bridge engineering was the main area of
application of the solutions being considered, a lot of attention
was paid to fatigue resistance and therefore also to the need to
determine the state of stresses in the connector, so its elastic
resistance. Problems with fatigue resistance had already been
noticed in the framework of the Precobeam project [1]. When
searching for the optimal shape of the connector (see also [3–
5]), fatigue cracks propagating until total rupture of the steel
beamwere observedduring the cyclic tests [1,6–9]. The optimal
shape was supposed to combine a both high ultimate and
fatigue resistance, high ductility and the simplicity of cutting
the beam in order to manufacture it [10]. Finally, for the
construction of a bridge, as shown in [11] amethodwas developed
for cutting the web so that the continuous move of the cutter
resulted in two identical T-beams with connectors based on a
clothoidal line (seeFigs. 1, 2 and3). Extensive studieson this shape,
considered optimum and from here on referred to as the MCL
dowel (Fig. 4), were carried out after completion of the Precobeam
project, intheframeworkoftheELEMproject [12]– todeterminethe
limit capacity, and [13,16] – elastic and fatigue capacity. The results
of studies related to the ultimate capacity have been published,
among others, in [13,14,17]. The rest of this article focuses on
identifying the elastic capacity of the MCL dowel.

2. General idea of elastic resistance evaluation

Continuous connectors that are part of a steel beam (and of the
composite one) cannot be treated the same way as discrete
connectors (for ex. headed studs). That is because the stress
distribution within the connector is not only the result of the
longitudinal shear forces acting on it (named hereafter as local
effects), but also of the stress associated with the global
internal forces in the steel beam: bending moment and axial
force, named hereafter as global effects. The concept of elastic
capacity developed by Lorenc [15] assumes a linear summation
of the abovementioned effects in each point of the connector's
edge[62_TD$DIFF]. [21] is summary of [15] in English. Therefore, to
determine the resultant distribution of stresses on the edge
of the connector, it is first necessary to determine the
distribution of stresses on its edge, deriving from both the
longitudinal shear force acting on the connector (local effects)
and the normal stresses present at the base of the connector
and linked to the global bending moments and axial forces in
the beam (global effects). The determination of the normal
stresses caused by global effects at the base of the connector is
relatively simple. Stress state depends only on the geometry of
the connector, which is treated as a notch geometry,
increasing the normal stresses at its base. It is then assumed

Nomenclature

MCL modified clothoidal shape of the connector,
considered in the paper (Fig. 4)

NPOT new push-out test [1], modified version of
POST, in which applied force generates ten-
sile stress in the connector [57_TD$DIFF]'s base

FEM finite element method
sG sð Þ stresses at the dowel[56_TD$DIFF]'s edge caused by glob-

al effects (normal force and bending mo-
ment in the beam) at the s-coordinate
point, including notch effect

s local coordinate at the dowel[58_TD$DIFF]'s edge (Fig. 5)
sN stress value at level of the base of the

connector caused by global effects calculat-
ed by any means (e.g. with the well-known
methods of theory of elasticity), without a
notch effect (Fig. 5)

AG sð Þ function describing the change of [59_TD$DIFF]sN stres-
ses at the edge of the connector in corre-
spondence of the coordinate s [1,15,21]

sL sð Þ stresses (reduced or principal) at the dowel[56_TD$DIFF]'s
edge caused by local effects (longitudinal
shearing force acting on the connector) at
the s-coordinate point, including notch effect

[60_TD$DIFF]sVL Stress value at level of the base of the
connector caused by local effects calculated
by any means (e.g. with the well-known
methods of theory of elasticity), without a
notch effect

AL sð Þ function describing the change of [61_TD$DIFF]sVL stres-
ses at the edge of the connector in corre-
spondence of the coordinate s [1,15,21]

f function describing resultant stresses at
the edge of connector being the sum of
sG sð Þ and sL sð Þ (which are defined above)

1
kL

and 1
kL;1

stress concentration factor for stresses
resulting from longitudinal shearing force,
respectively for reduced and first principal
stress

1
kG

and 1
kG;1

stress concentration factor for stresses
resulting from global effects, respectively
for reduced and first principal stress

[(Fig._1)TD$FIG]

Fig. 1 – General idea of cutting an I-beam so to obtain steel continuous shear connectors (on example of MCL shape).
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that the value of appropriate type of stress (reduced or
principal) in any point on the edge of the connector will be:

sG sð Þ ¼ sN �AG sð Þ (1)

where all symbols are explained in the list of symbols at the
beginning of the paper (see also Fig. 5).

It is more complicated to determine the stress distribution in
the connector resulting from the action of the longitudinal shear
force(localeffect).That isbecausesuchdistributiondependsonthe
geometry of the connector aswell as the interrelationbetween the
stiffnessof thesteel andconcreteparts, andonthe frictional forces
between steel and concrete,which are alwayspresent on the faces
of the connector. Even by assuming the elastic parameters of both
steel and concrete, the calculation becomes non-linear due to
contact issues. FEM is an effective method to determine this
distribution.Thevariabilityofstressesontheedgeofconnectorcan
be presented using the formula below, where depending on the
needs, either the equivalent stresses according to theHuber-Mises

hypothesis (elastic capacity) or the principal stress (the stress
variation for fatigue analysis) are taken into account:

sL sð Þ ¼ sVL �AL sð Þ (2)

where all symbols are explained in the list of symbols at the
beginning of the paper.

Assumptions adopted in the analysis:

1 the value of stress [63_TD$DIFF]sN and sVL at a level of the dowel[56_TD$DIFF]'s base
can be calculated by any means, e.g. with the well-known
methods of the theory of elasticity, inwhich cross-sectionals
parameters (an area, a moment of inertia, a location of
neutral axis) can be calculated using the modular ratio
method – assuming a substitute homogenous section,which
takes into account different elastic constants of steel and
concrete part of the section – as described e.g. in EN 1994-1-1,

2 approach for the stress evaluation in the steel dowel is
presented hereafter as the answer of the connector to
applied forces. The influence of the stiffness of the dowel on
the distribution of longitudinal shearing force acting on the
connector as well as on the normal stress distribution in the
cross section of the beam is not the aim of the paper. Thus
the slip between steel and concrete and its influence on
global internal forces in the beam is not discussed. The
stiffness of 1 m of the considered connection is comparable
to connections with headed studs applied [17] and calcula-
tion of internal forces in the beam can be made with similar
methods. Interlayer slip is taken into account on the local
level for determination of stresses in the connector caused
by already known shearing force,

3 the final stress state at the edge of the connector is
calculated as linear summation of stresses resulting from
local and global effects. This is accurate approach for the
principal stresses and safe-sided approximation for the
reduced stresses (see also extra explanations in Section 5).

Having defined the functions describing the distribution of
reduced (or principal) stresses on the edge of the connector,
the elastic capacity can be determined through the following
steps [15]:

� evaluation of the function f sð Þ, defined as the sum of the
global and local effects (Eq. 3),

� differentiation of function f sð Þ and determination of the
zeros of the derivative, in order to determine the point s of
maximum stresses at the edge of the connector i.e. s* (Eq. 4),

� calculation of the maximum value of f-function
maxð f sð ÞÞ ¼ f s�ð Þ. It defines the maximum stress value at

[(Fig._2)TD$FIG]

Fig. 2 – Consecutive stages of obtaining steel T-beams with MCL connectors.

[(Fig._3)TD$FIG]

Fig. 3 – Steel beams with continuous shear connectors
before application in animal crossing bridge PE4 over S7
expressway in Poland.

[(Fig._4)TD$FIG]

Fig. 4 – General geometry of MCL shear dowel.
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the edge of the connector, taking into account notch effect.
The maximum stress should be limited to e.g. yield strength
of the steel (Eq. 5).

f sð Þ ¼ AG;i sð Þ � sN þAL;i sð Þ � sVL (3)

where:
i = M (reduced stresses) or G (principal stresses),

d f sð Þ
ds

¼ 0 leads to s� (4)

f s�ð Þ ¼ maxð f sð ÞÞ � f y (5)

The result of the analysis carried out can be presented
graphically as an interactive envelope of the steel connector's
strength, in which the horizontal axis represents the dimen-
sionless utilization ratio of the connector due to global effects
(axial force and bendingmoment in the beam), and the vertical
axis represents the dimensionless utilization ratio of the
connector from the local effect (the transmission of longitu-
dinal shearing forces between steel and concrete). Both
utilization ratios already take into account the stress concen-
tration resulting from the geometry of the steel connector. The
idea of the envelope is shown in the following sketch (Fig. 6).

3. FE analysis

In order to properly define the AG sð Þ and AL sð Þ functions
describing the stress distribution at the edge of the connector,
fragmentary FE models have been prepared using the ABAQUS
6.10 software [18], each for a separate analysis of the global and
local effects. Basedonpreliminaryparametric analyses, the size
of thefinite element in thefield of the connector's basehasbeen
set to 1 mm; the element type C3D8R (continuum three-
dimensional of 8 nodes element with reduced integration)
has been usedwith only 1 element throughout the thickness of
the connector; linearly elastic characteristics for both concrete
(Ecm = 37 GPa) and steel (Eand = 210 GPa) have been employed;
the hard contact with the small sliding formulation approach has
been used for the definition of contact issues; and the friction
coefficientbetweensteel andconcrete,presentonlyonthefaces
of the connector, has been considered equal to 0.3. Nonlinear
characteristics of concrete have not been introduced into the
analysis, in which the objective was to determine the elastic
capacity of the steel connector, due to the negligible impact on
the results [1,19]. The influence of defining the contact issue
through the small rather than finite sliding formulation was
determined to be lower than 1%, because the elastic capacity of
the connector is achievedwithslides several times smaller than
the accepted size of the finite elementmesh. The impact on the
results obtained of variations of Young's modulus for steel, in
the range of 200–210 GPa, was 0.5%, whereas changes in the
modulus of elasticity of concrete in the range 32–41 GPa led to a
difference in results of approx. 5% (thus the analysiswas carried
out with the average modulus value of 37 GPa). The coefficient
of friction on the faces of the connector has the greatest impact
on the stress distribution obtained on its edge. The preliminary
parametric analysis covered friction coefficients in the range of
0–0.5 and, for these limits, a greater friction coefficient resulted
in lowervaluesof themaximumstress, but alsoadifferentpoint
at the edge of the connector where maximum stress appears
(differences of approx. 12%). Due to the fact that the pressure
stresses always occur on the faces of the connector, an average
value of friction coefficient of 0.3, considered as a safe estimate,
has been accepted for further analysis.

A model (Fig. 7), used to determine the impact of the notch
geometry on the increase in global stresses at the base of the
connector, was a simple plate with geometry of the MCL
connectors. The model was subjected to the action of uniform
normal stresses (L1) in the direction of the Z axis and applied to
one of the side faces of the plate. On the opposite surface, the

[(Fig._5)TD$FIG]

Fig. 5 – Elastic stress at dowel base level calculated without notch effect (left side) and s-coordinate (right side).

[(Fig._6)TD$FIG]

Fig. 6 – Envelope of the dimensionless elastic resistance. 1
and 2 stand for different possible connector shapes [15].
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slide capacities were blocked (BC3: uX = uY = uZ = 0), the
boundary condition imposed on the entire bottom surface of
the plate was in the form of a slide support (BC2: uY = 0),
whereas symmetry planar conditions (BC1: uX = urY = urZ =
0) were imposed on the lateral surface. In the description of
the boundary conditions, ‘‘u’’ refers to a slide along the
predetermined axis, while ‘‘ur’’ indicates the rotation condi-
tion relative to the reference axis.

The normal stresses (L1) applied in the A model, equal to
50 MPa (treated as a unit load), result in stresses in the vicinity
of the connector, shown in Fig. 8, and in the stress distribution
along the edge of the connector, as in Fig. 9.

In actual constructions, the boundary conditions of the
connector's work can be slightly different because, depending
on the stress distribution in the composite beam, the
connectors in the compressed concrete can be locked in the
longitudinal direction. For this reason, additional analysis of
comparative models have been performed, in which contact
between the connector and the surrounding concrete is
defined, and the stress was modeled to reflect the possible
distributions of global stresses in the beam. Four models were
considered (see Fig. 10). The basic model A without surround-
ing concrete and pure tension (GLOB-0) and three models with
surrounding concrete and different stress distribution were
analyzed: under uniform tension (GLOB-1), under tensionwith
bending resulting in zero strain at concrete top fibers (GLOB-2)
and under pure bending (GLOB-3). The results of the analysis
are shown in Fig. 10.

It is visible, that limiting the free deformation of the upper
part of the connector in the surrounding concrete has a
positive effect on its strain, reducing the stresses by up to
approx. 9% (for studied cases). To determine the elastic
capacity of the connector, while excluding from the analysis
the variable representing normal stress distribution at the
height of the beam, itwas decided to use theAmodelwithout a
concrete slab. This assumption is treated as a safe sided

simplification leading to upper estimation on stress along the
connector[57_TD$DIFF]'s edge. The functionAG sð Þ, calculated as a reduction
ofAFEM function presented in Fig. 9 to a unit load, will therefore
have the form (Eq. 6):

AFEM sð Þ ¼ �0:0245 � s2 þ 0:38 � sþ 74

kG;0 ¼ 1
sFEM

¼ 1
50

¼ 0:02 (6)

AG sð Þ ¼ kG;0 �AFEM sð Þ ¼ �0:00049 � s2 þ 0:0076 � sþ 1:48

where:
sFEM – normal stress applied in the A model (50 MPa)

To determine the influence of a local pressure of concrete
on the face of the steel connector (and therefore the effect of
the longitudinal shear between steel and concrete) on the
state of stresses in the same connector, the B model was
used. The geometry corresponds to the cut out part of the
entire composite beam and was constructed by the plate
represented in the A model, stiffened at the base through a
horizontally placed steel plate (a flange corresponding to
those present in real I-beams) and connected to the concrete
slab with one connector (Fig. 11). The load in the considered
model consists of the concentrated force applied to the
concrete block (L2). Similarly to the A model, the BC1, BC2
andBC3 boundary conditions have been applied. In addition,
a rigid connection betweenall nodes located on the end faces
of the concrete block was introduced, together with limita-
tion of rotation of these faces (BC4: urX = urY = 0). This
prevent the rotation of the concrete slab against the steel
beam and thus ensures that the planar cross-section before
loadingwill remain the same after the load is applied. On the
front and end faces of the center steel connector, marked

[(Fig._7)TD$FIG]

Fig. 7 – Model A – evaluation of influence of global effects on stress layout at the steel dowel[56_TD$DIFF]'s edge.
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with (CON) in Fig. 11, a contact issuewas introduced between
steel and concrete, with the possibility of separating the two
joined parts. A penetration of steel and concrete was
prevented (hard contact [18]) and tangentially to the surfaces
a friction contact with a coefficient ofm = 0,3 (friction of steel
on concrete) was defined. The impact of the height of the
steel web and the size of the steel flange on the results
obtained was the subject of a dissertation [15] and was
proved to be low when the height of the webs is comparable
to the length of the connector; hence, in the model adopted
here, cross-sectional dimensions corresponding to the
tested beams was considered (see Fig. 16a). The analysis
of the B model is non-linear due to the contact issue;

however, the linear material laws have been applied. The
proposed model is a simplification of the issue, because it
does not take into account the effect of the vertical shear
forces on the stress values at the edge of a connector. The
general model that takes into account this impact is
presented in [17], where broad convergence of results
obtained with both models has been demonstrated.

The force (L2) applied in the B model, reflecting the
longitudinal shear force amounting to 25 kN (treated as a unit
load), with the spacing of connectors of 250 mm and the
modeled thickness of the web (5.2 mm – as half the thickness
of the IPE500 web, what corresponds to dimensions used
during laboratory tests) results in stresses in the vicinity of the
connector, shown on Fig. 12, and in the stress distribution
along the edge of the connector as in Fig. 13. The subscript T
and C in the description of approximating polynomialsAFEM in
the Fig. 13 means, that the analysis concerns the stress
distribution on the side of the connector of the Bmodel, where
longitudinal shear force causes tensile (T) or compression (C)
stresses, respectively. Subscripts MISES and PRINC denote
reduced Huber-Mises and principal stresses respectively.

The AL;::: sð Þ functions, calculated as a reduction of AFEM,. . .

functions presented in Fig. 13 to a unit load, is used to analyze
the stresses reducedwith the Huber-Mises hypothesis and the
principal stresses. It will have the form shown in Fig. 13,
multiplied by a factor (Eq. 7):

kL;0 ¼ e � tFEM
PFEM

¼ 0:25� 0:0051
0:025

¼ 0:051 ((7))

The final forms of the AL;::: sð Þ functions are shown below
(Eq. 8):

AL;MISES;T sð Þ ¼ kL;0 �AFEM;MISES;T sð Þ
¼ �0:00166 � s2 þ 0:1805 � sþ 3:009

AL;PRINC;T sð Þ ¼ kL;0 �AFEM;PRINC;T sð Þ
¼ �0:00215 � s2 þ 0:1668 � sþ 3:213 (8)

AL;MISES;C sð Þ ¼ kL;0 �AFEM;MISES;C sð Þ
¼ �0;00144 � s2 þ 0;1326 � sþ 1; 530

[(Fig._8)TD$FIG]

Fig. 8 – Stress plot in steel dowel – model A.

[(Fig._9)TD$FIG]

Fig. 9 – Stress values at the dowel edge and its
approximation with 2nd order polynomial (AFEM).

[(Fig._10)TD$FIG]

Fig. 10 – Influence of global stress state in the beam on the stress layout in the dowel[56_TD$DIFF]'s edge.
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AL;PRINC;C sð Þ ¼ kL;0 �AFEM;PRINC;C sð Þ
¼ 0:001326 � s2 � 0:1275 � s� 1:530

4. Elastic resistance of MCL steel dowel

Having defined the AG sð Þ and AL sð Þ functions, the elastic
stresses can be determined at any point s along the
connector's edge for any combination of the M, N, and V
internal forces in the considered cross section of the
composite beam, or the interactive envelope of the con-
nector's load capacity, as shown in Section 2 (Eqs. (1) and (2)),
can be determined. The above described approach devel-
oped to determine the envelope of the load capacity can be
used in cases where the signs of stresses deriving from the
local and global effects are the same. This is because the
summation of two convex functions, with extremes in the
considered s area, will also result in a convex function
having extremes in the considered range, regardless of the
numerical values of sN and vL. For all other cases, instead of
an analytical approach, the numerical approach can be
applied. Assuming a fixed stress value for one of the effects
(global or local), the stress deriving from the second effect is
evaluated so that, at the edge of the connector, the yield
strength is reached. For principal stresses, the presented
approach, including summation of stresses from the global
and local effects, is accurate; for reduced stresses it is only an
approximation, but safe-sided. This is because the values of

reduced stresses from both models, rather than their
components, are added. Therefore, the received envelopes
of load capacity have the correct values at the intersection of
the axis, but their process is somewhat ``flattened''. This
approach guarantees safety, does not generate a large error,
and greatly simplifies the analysis.

The envelope of the connector's load capacity for reduced
stresses according to the Huber-Mises hypothesis, used to
check the elastic resistance, is shown in Fig. 14. The main
stress is depicted in Fig. 15. Each quadrant of the chart
describes the situations deriving from different combinations
of signs of stresses, attributable to global and local effects in
the area of connector under consideration (as shown sche-
matically in the diagrams in each quadrant of the graph). For
example, in the I quadrant, tensile stresses from the global
effects, and tensile stresses from the local effects, are
summed; in the II quadrant, tensile stresses from the global
effects, and the compressive stresses from the local effects are
summed, etc.

The fields marked in red were not analyzed in detail,
because they will never be decisive in reaching the elastic
resistance of the connector. Stresses from the global and local
effects are opposite in sign, and thus the elastic resistance of
the connectorwill certainly be reached in conditions described
by the area on the opposite side (in the next quadrant of the
graph).

In the above analysis, the edge [64_TD$DIFF]'s length 0 ≤ s ≤ 63 mm
was considered, where the 0 point was adopted as shown in
Fig. 5 (the beginning of the fillet at the base of the connector).

[(Fig._11)TD$FIG]

Fig. 11 – Model B – evaluation of influence of local effects on stress layout at the steel dowel[56_TD$DIFF]'s edge.
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Thevariability of stresses on this length, considereddecisive
for the load capacity of the connector, was described by
mathematical functions. The dotted lines in the above
envelope mark sections for which the yield strength was
obtained at the edge of the analyzed area (s = 0 or
s = 63 mm). When both the normal stress acting on the
beam and the stresses caused by longitudinal shear force
have opposite sings (quadrants II and IV), simultaneous
increasing both of them may lead to the attainment of the
elastic capacity of the element in points located outside the
analyzed section. The envelopes presented in the areas

markedwith dotted lines relate to precisely such a situation,
they should be treated demonstratively, bearing inmind the
possibility of early destruction of the element in the areas
not considered in the analysis; however, these are purely
hypothetical situations, since in such cases the destruction
of the connector will always be described by curves in
quadrants I or III.

Based on the above analysis, the elastic resistance of the
connector can be described analytically:

� in the serviceability limit state (elastic resistance) (Eq. 9):

ss ¼ sL þ sG � f y (9)

sL � f y

sG � f y

sL ¼ 1
kL

� sVL

sG ¼ 1
kG

� sN

kG ¼ 0; 663

kL ¼
0; 126�while analyzing the tensionzone

of the connector
0; 218�while analyzing the compression

zoneof the connector

8>>><
>>>:

in the fatigue limit state (Eq. 10):

Dss ¼ DsL þDsG � DsC=gM f (10)

DsL ¼ 1
kL;1

�DsVL

DsG ¼ 1
kG;1

�DsN

kG;1 ¼ 0;663

kL;1 ¼
0;155�while analyzing the tensionzone

of the connector
0;218�while analyzing the compressionzone

of the connector

8>>><
>>>:

If gas cutting was adopted during beam manufacturing (in
order to cut I-beam into two T-beamswith continuous connec-
tors), it is recommended toassume the fatigue category equal to
125 MPa and a partial factor for the fatigue limit consistentwith
Eurocode 3, depending on the adopted method of assessing
fatigue life and the consequences of the destruction.

[(Fig._12)TD$FIG]

Fig. 12 – Stress plots in steel dowel – model B. Top: Mises
stress, middle: max. principal stress (tensile), bottom: min.
principal stress (compressive).
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5. Laboratory tests – setup

Three composite beams of natural scale, with MCL composite
dowels, have been designed, manufactured and tested. For
each of them, strain gauges have been placed in 10 points on
the chosen connectors, allowing the evaluation of the

convergence between the measures and calculated strains
as the sum of strains obtained from the numerical models A
and B. In this way, the proposed procedure for determining the
load capacity of the connector has been indirectly verified by
determining the convergence of the experimental and
numerical results (the last are the basis for determining the

[(Fig._13)TD$FIG]

Fig. 13 – Stress (reduced Huber-Mises and max./min. principal) values at the dowel edges and approximation with 2nd order
polynomials (AFEM,. . .).
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load capacity of connectors). Cross-sections of the tested
beams are shown in Fig. 16, and a static scheme is reported in
Fig. 19[65_TD$DIFF]. Tested beams have been designed in such away that in
one of them the connectors level is close to the neutral axis of
the beam thus the impact of global effects on a stress state in
connectors is very small (beamB1), and for the other beam, the

base of the connector is deep in its tension zone, resulting in
considerable stress at the base of the connector from the global
bending of the beam (beam B2). The tests involved two B1
beams and one B2 beam.

Connectors in the vicinity of the point in which loads
were applied (on the support and under the concentrated

[(Fig._15)TD$FIG]

Fig. 15 – Envelope of elastic resistance of MCL steel dowel for first principal stress.

[(Fig._14)TD$FIG]

Fig. 14 – Envelope of elastic resistance of MCL steel dowel for Mises stress.
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forces induced by the testing machine) were clad in foamed
polystyrene, to eliminate them from participating in the
transmission of the longitudinal shearing forces, thereby
eliminating local perturbations that would affect the value

of the longitudinal shearing forces on the remaining
connectors. The steel part of the beams was obtained by
the longitudinal cut of the IPE500 profile fromS355J2 steel (in
Fig. 2) with an average yield strength obtained from the
tensile tests of 443 MPa and with an ultimate tensile
strength of 546 MPa, the concrete part was made of C50/60
concrete (with an average compressive strength of 74.2 MPa,
determined in standard compressive tests at 150 � 150
� 150 mm cubes performed on the day of the beams tests)
and the B500SP reinforcing steel.

The arrangement of strain gauges on the beam connectors
is shown in Figs. 17 and 18[66_TD$DIFF], where the symbol TX.n denotes the
strain gauge, T, at dowel no. X and place no. n.

The procedure adopted in loading the beams consisted
first in the execution of 25 cycles of load within the range of
5–40% of the estimated beam's load capacity and then in the
application of a static load until failure was reached. Strain
measurements concerned the connectors, the lower flange
of the steel beam, the upper and lower surfaces of the
concrete slab, and the reinforcement bars. The measure-
ment also covered deflections in 5 points on the beam length
(sensors numbered 1–5), slip between the concrete slab and
the steel beam (sensors no. 7, 8, 10, 11), as well as the uplift

[(Fig._16)TD$FIG]

Fig. 16 – Cross sections of the beams subjected to laboratory tests. (a) beam B1, (b) beam B2.

[(Fig._17)TD$FIG]

Fig. 17 – Strain gauges at steel dowels placed at the single beam.

[(Fig._18)TD$FIG]

Fig. 18 – Exact localization of strain gauges at the single
dowel.
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[(Fig._19)TD$FIG]

Fig. 19 – General view on static system for 4-point bending tests and arrangement of LVTD sensors.

[(Fig._20)TD$FIG]

Fig. 20 – General view on B1 beam before (a) and after (b) tests and (c) arrangement of cracks in concrete slab. Cracking in
compressive zone is visible.
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(no. 6 and 9). The schematic layout of inductive sensors is
shown in Fig. 17.

6. Laboratory tests – results and discussion

Fig. 20 shows the selected beam (beam B1) before and after
the tests carried out. All the beams underwent failure in the
same way. At a certain load level (approx. 65% of ultimate
load), an increase in slip between the steel and concrete
could be observed. At the same time, transverse cracks
began to develop in the lower fibers of the concrete slab. As
the load reached approx. 80% of the ultimate load, the
nonlinear increase in strain was observed in the lower
flange of the beam, resulting in a significant increase of the
deflection of the beam. The slippage between steel and
concrete was growing much faster than in the initial phase
and the transverse cracks in the concrete slab significantly
increased both their width and range. When the ultimate
load was approached, cracks with range indicating the lack
of cooperation between steel and concrete could be
observed in the concrete section. Beams were destroyed

by brittle fracture of the reinforced concrete slab at the top,
resulting from exceeding the limit strains in the com-
pressed concrete.

In order to verify the proposed numerical models, only the
elastic range of loading were analyzed. Readings for each
strain gauge, located on steel dowels, were used for this
purpose, with the strength close to the minimum, Pmin, and
maximum, Pmax, values adopted during the first 25 loading
cycles for each beam. In this manner, for each of the strain
gauges, the readings of minimum and maximum strain, ei,min

and ei,max, were obtained, based on which the value of ei,P,
corresponding to the elastic deformation obtainedwith a force
P equal to the difference between Pmax and Pmin, could be
determined (Fig. 21).

After having obtained the 25 values of ei,P, the extreme
values were rejected, assuming, however, that the variabili-
ty of the rest could be described with the t-Student
distribution. Subsequently, the estimator of the standard
deviation of the remaining trials was calculated, rejecting
the 5% quantile with both-sided critical region. For the
selected beam B1 connector, the convergence of numerical
results (gray bars) with experimental results is shown in
Fig. 22. The horizontal red and vertical black lines define the
average value and the dispersion obtained in the laboratory
strain readings, respectively. The comparison of strain for all
10 gauges placed close to the edge, on the front and rear faces
of the single connector, was presented. Schematically, the
location of the analyzed point is shown also in Fig. 22 (see
also Fig. 18 with exact location of strain gauges). All
experimental data is presented in [13], but for all analyzed
connectors the convergence between numerically calculat-
ed and experimentally measured strains is very similar to
this presented in Fig. 22.

It is noted that the variation of stresses in the vicinity of
the circumferential line of the connector is large and the
shift of the analyzed point by 1 mm may cause results to
include a 10% deviation from the expected. Given the 3 mm
length of the LY 11-3/120 strain gauge [67_TD$DIFF][55_TD$DIFF]'s measurement base
and the precision of its application, exactly such inaccura-

[(Fig._21)TD$FIG]

Fig. 21 – P–e chart as a determination of ei,P values for FEA
verification.

[(Fig._22)TD$FIG]

Fig. 22 – Comparison of strains in steel dowel obtained from FEA and experimental test (description in text).
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cies could have been expected. In addition, what authors
underline, the model was not calibrated by changing the
input parameters, including, in particular, the modules of
elasticity of steel and concrete and the coefficient of friction.
It is possible to assume such values of these parameters so to
obtain almost exact convergence of experimental and
numerical results. But such an approach has not been
applied because these parameters will always take on a bit
different values in actual structures. Their impact on the
results is presented in section 3, and, to compare the
experimental and numerical results, average values were
adopted in the FEM model (as in sect. 3). However, it can be
seen that the experimental and numerical results are in line,
and the strains obtained numerically are slightly larger than
those measured experimentally. Therefore, they constitute
a secure foundation for the development of stress concen-
tration factors from global and local effects, the values of
which are of key importance in the procedure of determina-
tion of the elastic resistance of the steel connector, which is
described in section 4.

7. Conclusions

On the basis of numerical analysis and experimental tests of
composite beams with MCL dowels, it can be stated that:

� the FE numerical analysis of the steel part of open
connectors can be used effectively to determine their elastic
capacity,

� it is possible to determine the state of stress in the connector
for any combination of internal forces acting on the
composite beam, based on the combination of results of
two fragmentary FE models. One is used to determine the
notch coefficient, kG, for global effects (bendingmoment and
axial force in the beam), which results from the change in
geometry of the T-beam web at the connector base; the
second specifies the distribution of stresses in the connector
due to the action of longitudinal shear force – stress
concentration factor, kL. The combined results from the
two models were compared with the results of tests
conducted on real beams. The good convergence of
numerical and experimental results were obtained,

� knowing the above mentioned stress concentration factors
for the global effects, kG, and the local effects, kL, it is not
necessary to model the connector each time, and the
maximum stresses in the connector are determined on
the basis of the known internal forces in the beam and the
geometric characteristics of the beam's cross-section. The
load capacity of the connector can also be checked using the
prepared connector capacity envelope,

� stresses in the connector for SLS (serviceability limit state)
and FLS (fatigue limit state) analysis are defined as
reduced and main principal, respectively. This results in
other stress concentration factors, kL. Determining the
maximumpermissible stresses in the connector in the SLS
is an individual issue (it can be for example assumed, that
they should not exceed the fy or 1,3 fy yield strength of steel
[20]). The amplitude of principal stresses for fatigue loads
in the FLS should not exceed Dsc, which, in turn, depends

on themanufacturing technology of the connectors (for ex.
125 MPa for automatic gas cutting).
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