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Abstract: In this work, a study on failure by concrete pry-out in Crestbond shear connectors is presented. The
study’s aim was the development of an expression that estimates the connection’s bearing capacity. The
analyses were carried out through numerical simulations designed to reproduce the referred failure mode.
Numerical and experimental results are compared and discussed in relation to the maximum force reached
and the cracking aspect typical of concrete pry-out. The proposed equation corresponded well to experimental
results, with a mean ratio Pyeo/Pex, €qual to 0,99 and a coefficient of variation of 10%. The results found in
this study indicate that the concrete pry-out expression in German Technical Approval Z-26.4-56 can also be
applied to Crestbond shear connectors.

Keywords: shear connector, Crestbond, numerical model, concrete pry-out, composite dowels.

Resumo: Neste trabalho ¢ apresentado um estudo sobre a ruptura do concreto por pry-out em conectores de
cisalhamento tipo Crestbond com o objetivo de obter um modelo de calculo que estima a resisténcia da
conexdo a esse modo de falha. As analises foram realizadas por meio de simulagdes numéricas capazes de
reproduzir o referido modo de falha. Os resultados numéricos sdo comparados com os experimentais e
discutidos em relagao a forga maxima atingida e o aspecto da fissuragao tipica do pry-out. O modelo de calculo
proposto apresentou boa correspondéncia com os resultados experimentais, com uma razdo média Pieo/Pex,
igual a 0,99 e um coeficiente de variagdo de 10%. Os valores encontrados nesse estudo sugerem que a
expressdo da Aprovagdo Técnica Alema para outros conectores pode ser aplicada nos conectores Crestbond.
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1 INTRODUCTION

In recent years there has been a lot of research, especially as part of a European project called PreCo-Beam, to
investigate the structural behavior of composite dowels [1]-[8], among which two shear connectors stand out due to
their structural performance: the puzzle connector (PZ) - Figure 1b - and the clothoidal connector (MCL) — Figure 1c.
In Brazil, a third shear connector was studied by Verissimo [9], called Crestbond (CR) — Figure 1a.

(a) (c)
(b)

B -

Figure 1. Composite dowel shear connection geometries: (a) Crestbond (CR); (b) Puzzle (PZ) and (c) Clothoidal (MCL).

Crestbond was developed due to the difficulties associated with the installation of the usual connectors in Brazil
(shear-stud and C-channel) and has been the subject of research over the last few years [10]-[16]. Crestbond's geometry
is similar to that of connectors studied in the PreCo-Beam project [5], particularly the puzzle shear connector. However,
the Crestbond shear connector may have a different structural behavior due to its greater slenderness.

Because of the complex geometry of shear connectors, the heterogeneous behavior of concrete, and the interaction
between these two elements, the strength mechanism of composite dowels cannot be sufficiently described through
experimental tests alone. Therefore, a significant part of this research was carried out through numerical models capable
of simulating the nonlinearities of the materials and contact interactions to better understand the behavior of composite
dowels [7], [17]-[20].

The bearing capacity of composite dowels is limited to three failure modes [21]: (a) concrete shearing, (b) concrete
pry-out, and (c) steel failure. Currently, German Technical Approval Z-26.4-56 [22] establishes design equations
concerning these failure modes for the PZ and MCL geometries. On the other hand, the only expressions available for
Crestbond failure modes are those pertaining to concrete shearing and steel failure [9], [14], [16], [23]. This work aims
to suggest an expression to estimate Crestbond’s bearing capacity to concrete pry-out, a third failure mode, through
finite element modelling (FEM). To achieve this objective, the research was divided in two parts: (i) development and
validation of a numerical model representing push-out tests with Crestbond shear connectors and (ii) a parametric study
of factors that directly affect concrete pry-out resistance. Combined with the already established equations for concrete
shearing and steel failure in Crestbond, a new expression that solves the matter of concrete pry-out would allow for the
design and application of Crestbond shear connectors in steel-concrete composite structures.

2 CONCRETE PRY-OUT FAILURE MODE

Concrete pry-out occurs when the shear connector is not deeply embedded in the slab, i.e., when concrete cover
over the connector is small (parameters ¢; or ¢; of Figure 2). Once under load, the concrete confined in the connector’s
openings becomes more resistant to compression than the concrete above the connector. This results in forces aimed
towards the smallest height of concrete (%,,). When the shear stresses exceed the shear strength of the concrete, a cone-
shaped portion of concrete detaches from the slab (Figure 3) leading to the connection’s failure [21], [24].

blow-out force pry-out cone

2% Do 8 5
. S :
// \‘\,\ : —LQ)
Figure 2. Idealization of concrete pry-out in Crestbond shear connectors.
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prying-out cone

Figure 3. Concrete pry-out failure in MCL shear connectors — Feldmann et al. [2].

Since this failure mode was discovered, design equations have been proposed to estimate the connection’s resistance
to concrete pry-out [25]-[27]. These equations were established in German Technical Approval Z-26.4-56 [22], which
contains all usage guidelines for MCL and PZ shear connectors. The design equation for concrete pry-out is presented
in Equation 1:

1
Ppose =90(1+ pp) 2tz 2y \[Tek o M

where: f.x — compressive strength of the concrete [MPa]; /,, — height of the pry-out cone [mm]; Py, « — characteristic
resistance to concrete pry-out [N/dowel].

The reduction factors yx and yy consider the overlapping of the concrete cones in the longitudinal and transverse directions,
respectively, and are determined according to Equation 2. In the case of a single row of connectors, factor xy is equal to 1,0.

Fe=—x <] ;(y=l <t (2)
4,50, 2| 9%,

The term pp,; (Equation 3) considers the influence of the effective reinforcement ratio (4, + 4 = A4e), i. e.,
reinforcement passing through the opening and above the shear connector (Figure 4):

3
- Ey Ay 3)
D=
' EcmAD,i

e, dowel spacing
hp  steel dowel height
¢,  concrete cover (top)
he G concrete cover (bottom)
h,  concrete slab height
Ap; effective area for concrete pry-out design
A, transverse reinforcement (bottom)
A, transverse reinforcement (top)

€x

Figure 4. Parameters of composite dowels.

According to Z-26.4-56 [22], the height of the concrete cone (/) for both MCL and PZ geometries is determined
as follows (Equation 4):

hpo=min(ct+0,07ex;cb +O,13ex) @)

It should be mentioned, however, that Equation 1 estimates the characteristic resistance of composite dowels to
concrete pry-out, and a large set of experimental results is required to develop expressions at characteristic-level. These
expressions can be obtained through the method presented in Annex D of EN 1990:2002 [28], which converts the
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engineering model (the mean value) to design load level. In this research, the expression at the mean-level was used as
presented at Equation 5 [21]:

®)
Ppy = k%(l +pp,i) 2x 2y Tk o

The factor 1/# was initially proposed by Heinemeyer [27] and depends significantly on the concrete strength
(Equation 6). In German Technical Approval Z-26.4-56 [22], this factor was replaced by a constant value determined
for the lowest concrete class (C20/25).

n=0,4-0,001f, 6)

The coefficient ‘k” in Equation 5 takes into consideration assumptions made for the construction of the expression,

such as the admission of ./f., as the concrete’s tensile strength and of parameter h};f), which estimates the surface

area of the pry-out cone [24]. This coefficient, defined through a regression analysis, significantly affects the quality of
the mechanical model, which is why an extensive database is needed for its determination. According to
Kopp et al. [21], a value of 40,44 was obtained through experiments for puzzle and clothoidal shear connectors.

3 EXPERIMENTAL PROGRAM

The experimental program conducted in the developmental stages of the Crestbond shear connector involved 41
push-out tests, which were divided into four series (A, B, C, and D) and performed according to the specifications of
EN-1994-1-1:2004 [29].

The purpose of the experimental program’s series A was to evaluate the connector’s behavior from a qualitative
standpoint in order to define the parameters that would be employed in subsequent tests. With the results obtained in
this series, Verissimo [9] developed the CR56b shear connector used in series B and C. These series were performed
in order to understand the behavior of the CR56b connector, including its shear capacity, failure modes, and ductility.
Series C is identical to series B, except for the concrete’s strength. The third stage of the experimental program
(series D), object of study of this work, was handled by Oliveira [30] and includes tests that simulate the presence of a
pre-slab, given the widespread use of composite floor systems with prefabricated concrete slabs in Brazil. In series D,
specimens were assembled with a real concrete pre-slab (Figure 5a); with EPS (expanded polystyrene) plates in place
of the pre-slab (Figure 5b); and without a pre-slab (Figure 5c¢). Fifteen tests were performed, divided into five groups,
identified in Table 1. Dimensions of the shear connector used in series D (CR56b-PL) and the setup of the experiments
are shown in Figure 6. The shear connectors were 12mm thick in all series.

Table 1. Parameters and description of specimens.

o e . Ch Ct
Group Nomenclature Description Specimen Jem [MPa] Ap At [mm] [mm]
30 mm thick EPS
Dl CR56b-PL30EPS-As0 plate and no Dl.a/D1.b/Dl.c 31,6/31,3/31,3 - - 30 33,8
reinforcement
30 mm thick EPS
D2 CR56b-PL30EPS-AsS8 plate with D2.a/D2.b/D2.c 31,4/31,4/31,3 1¢8,0 1¢8,0 30 33,8
reinforcement
30 mm thick concrete
D3 CR56b-PL30-As0 pre-slab and no D3.a/D3.b/D3.c  31,6/32,4/31,1 - - - 33,8
reinforcement
45 mm thick EPS
D4 CR56b-PL45EPS-As0 plate and no D4.a/D4.b/D4d.c  32,6/32,2/32,2 - - 15 33,8
reinforcement
D5 CR56b-As0 nopresslabandno s sy s o 020321313 - - - 33,8

reinforcement
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All specimens had longitudinal reinforcement and additional transverse reinforcement arranged close to the regions
of support and load application. No reinforcement was placed inside the openings of the shear connector, except for
group D2.
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Figure 6. Dimensions of specimens (in mm) and experiment setup (group D2).
4 NUMERICAL ANALYSES

Numerical simulations were performed using finite element package ABAQUS, used by several authors to study
the behavior of shear connectors [14], [17], [19], [20], [31], [32]. The description of the numerical model is presented
in the subsequent sections.

4.1 Development and validation of the numerical model

4.1.1 Geometry and boundary conditions

Due to its double symmetry, only a quarter of the specimen was modeled to reduce computational effort. The base
of the slab was fixed to prevent displacement in the normal direction (Uz = 0) and symmetry conditions were applied
to the symmetry planes (Figure 7). The analysis was performed by means of displacement control, which was applied
to the steel profile’s cross section.
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Displacement
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Figure 7. Geometry and boundary conditions of the numerical model (group D2).

Contact between the concrete slab and the steel components was simulated through the “hard contact” interaction
in the normal direction. In the tangential direction, an interaction that admits friction (penalty) between the elements
was adopted, with a friction coefficient of u = 0,3 (Figure 8). Values between 0,3 and 0,5 are recommended for this
type of analysis by Fink et al. [33] who investigated the value of this coefficient through an extensive parametric study.
Other authors also adopt the value of 0,3 in numerical simulations of continuous shear connectors with regular
openings [8], [20].

Reinforcement embedded
in the concrete slab

Normal direction: Hard Contact
Tangential direction: Penalty (un = 0,3)

Figure 8. Interactions in the numerical model (Group D2).

In the specimens of groups D3 and D5, which include, respectively, a concrete pre-slab and no pre-slab, the
interaction extends until the upper flange of the steel profile. The contact between the elements was simulated using
the penalty contact formulation, and the perpendicular forces of contact between the shear connector and the concrete
slab were determined through the finite sliding formulation, which investigates possible contact pairs between the nodes
of the elements throughout the analysis [7]. The reinforcement was configured completely embedded in the concrete
slab, so that the translational degrees of freedom of the reinforcement were coupled to the nodes of the surrounding
concrete.
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4.1.2 Finite elements mesh

A mesh convergence study was conducted to determine the finite elements’ size, which also took into consideration
the meshes used by Dutra [23] and Silva [34] in their numerical modeling of the Crestbond shear connector. In the
transverse direction of the concrete slab, element sizes began at 5 mm around the connection and increased up to 15 mm
towards the edge of the slab (Figure 9). In the longitudinal direction, the size was fixed at 5 mm. The steel profile and
the shear connector were discretized into 15 and 5 mm elements, respectively. These components were modeled with
solid C3D8R elements, with eight nodes and reduced integration, as the C3D8R is more appropriate for performing
explicit dynamic analyses [34]. The slab reinforcement was modeled as a B31 beam element, with two nodes, and
discretized into 10 mm elements.

Figure 9. Finite element mesh.

4.1.3 Analysis method

Numerical simulations were performed through explicit dynamic analysis, recommended for very non-linear
problems, where large deformations and contact interactions occur, which is the case in push-out tests [20]. Unlike
implicit numerical methods (such as the usual Newton-Raphson), the explicit analysis is based on dynamic equilibrium,
being frequently employed in problems involving concrete cracking and steel lamination. In the explicit dynamic
analysis method, the global mass and stiffness matrices do not need to be allocated and inverted, which means that each
increment results in less computational effort in comparison to the implicit analysis [23]. The most important aspect of
any explicit dynamic analysis is the size of the smallest finite element in the model, since it represents an estimate of
the time increment size once divided by the material's wave propagation velocity [35]. This type of analysis is generally
used to model events called “quasi-static”, in which the loading rate is small enough so that the inertial forces are
negligible. However, a quasi-static analysis can be extremely long when modeled in real-time, requiring large
computational resources. Therefore, the analysis speed is artificially increased to obtain an economically viable
solution. ABAQUS offers two methods for reducing analysis processing time: time scaling and mass scaling. These
methods, however, tend to increase the inertial forces in the numerical model, which can lead to unrealistic results. In
this research, mass scaling was employed with a desired time increment of 0,005s, determined through preliminary
analyses in order to provide the shortest possible analysis time with insignificant inertial forces [35]. This method
artificially increases the mass of the elements so that the time increments are less than or equal to the time increment
technically necessary for a quasi-static condition.

A quasi-static solution can also be attained through gradually applied loads or displacements. The application of an
external action can induce the propagation of stress waves throughout the model, compromising the simulation’s
accuracy [35]. Thus, a displacement was applied based on a smooth curve in order to decrease inertial forces. ABAQUS
creates a fifth-order transition polynomial between two extreme values, so that the first and the second derivatives are
zero at the beginning and end of the transition. The displacement-rate adopted was 0,02 mm/s, similar to the real
displacement-rate used in the experiments.
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One way to verify if the numerical simulation truly reflects a quasi-static analysis is to balance the numerical
model’s energy. In general, the kinetic energy of the model should not exceed a small fraction (1-10%) of its internal
energy throughout most of the analysis. In other words, the work exerted by external forces must be nearly equal to the
internal energy of the system [35]. This balance is usually not present at the beginning of analyses, as parts of the model
will be moving before any significant deformations develop.

4.1.4 Materials

4.1.4.1 Concrete

The non-linear behavior of concrete was simulated using the Concrete Damaged Plasticity (CDP) model
implemented in the ABAQUS library. This model is widely used in numerical studies of shear connectors, and in this
research its input parameters were adopted according to literature recommendations [8], [20], [32], [33], [36] as shown
in Figure 10. The behavior of concrete under compression was simulated using the stress-strain relationship proposed
by Pavlovic et al. [32], which adopts an extension of the curve presented in EN 1992 1 1:2010 [37], limited to an
ultimate strain gcu1 = 3,5%o. This strain is not a problem in conventional reinforced concrete structures since, in general,
deformations in these structures remain below this value. In push-out tests, on the other hand, the concrete inside the
openings undergoes large deformations and resists high compressive three-dimensional stresses, which produce a
confinement effect in this region. In this situation, the behavior of the concrete becomes highly dependent on the
descending branch of its stress-strain relationship. An ultimate strain of €1 = 3,5%0 would lead to unrealistic stresses
in the concrete, overestimating the connector’s strength. The extension proposed by Pavlovic et al. [32] involves a
series of parameters and is divided into two branches: sinusoidal and linear (Figure 10). The parameters were calibrated
so that the numerical results would be as close as possible to the experimental ones.

Material models in FEM modelling
Stress-strain diagram (compression) Parameters
B-D branch
—EN1992-1-1:2010 [24] 2
= kn—n
GC:fCiHl_'_(I‘__z) "?Sgcnl/gc
= = Sinusoidal Extension - Pavlovic [16] d
- n=¢le,
g ; ; ;
;é !} :f,_w f.ﬂfm_l """" Linear extension - Pavlovic [16] k=105 ExpE [fm
34
& i ot D-F branch
# I ek o 1 silef o, 7/2)
a N 3 ful g E L 6 <s <8,
HE o =fod | alg)=)""1p Psile,7/2)
=~ - G E [f;z[gsr*gc)Jr sr[‘c"c 7£:'F)]/(€L‘F7€c£)' & =Ex
I - "PYS F
0.01 0,02 0,03 | Y u=(e,—e;)es—25)
~ : 0L [T a=15 a,=05
Deformation [-] _
a = -fcm /-ch €z =0,03 Oz :0_19
Compression damage Parameters
100 ; E | Liss . =1 Jo
- ce@erserevessinas Cr{
& 080 A G -
g 7 4 CDP Parameters
b
4 !/ T
B o0s0q —— EN1992-1-1:2010 [24] Dilation angle w=36°
3 : : - —01
§ 040 4 D = = Sinusoidal Extension - Pavlovic [16] Flow potential eccentricity it
[+
E p.
8 0205 +esses Linear extension - Pavlovic [16] Biaxial/uniaxial compressive O _ 116
C strength ratio g,
0.00 T T T T 1
Bo 0,01 0,02 0,03... 0,1
Inelastic deformation [] Compression/ tension meridian K=2/3

Figure 10. Material model for compression and CDP model parameters.
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The numerical model was configured to take into consideration any damage suffered by the compressed concrete,
which starts when the deformation in the concrete exceeds the deformation corresponding to the concrete strength (gc1).
The tensile behavior of concrete was represented by a stress-crack width model proposed by Hordijk [38]. In this
model, the concrete response is governed by an exponential function (Figure 11).

Stress-crack width diagram (tension)

Tension damage

0,05

0,10
Crack width [mm)]

0,15

5 2 €, =300
2 150 ¢, =693
A
1,00 w =514 G:

ctm

ZH = {1 +{q :}}exp[ c, %Jf%(l +¢Jexp(-c,)

0,20

Tensio damage [-]

0,8

0,05

L4
f ctm

0,10 0,15

Crack width [mm]

0,20

Figure 11. Material model for tension.

Fracture energy (Gy was determined according to Model Code 2010 [39], while other properties necessary for
implementing the behavior of concrete in the numerical model (such as modulus of elasticity — E.»; mean tensile
strength — fey; and strain associated with the maximum compressive stress — &.1) were determined according to the
equations presented in EN 1992 1 1:2010 [37]. The compressive strength was adopted as the mean value between

models of the same group (Table 1).

4.1.4.2 Steel components

The properties of the steel components (shear connector, reinforcement, and steel profile) are shown in Figure 12.
Elasto-plastic diagrams were used for the reinforcement (CA-50 steel) and steel profile materials (ASTM A572 Grade
50), while a hardening modulus (£}) equal to 2700 N/mm? was adopted for the shear connector. This artificial modelling
was suggested by Byfield and Dhanalakshmi [40] for occasions where no material characterization tests are available.

Deformation [-]

Stress-strain diagram of steel Parameters
Steel properties
v=03
700 A
£ =200GPa
600 A
e Shear connector (USI-CIVIL 350)
NE ) R I R . P S ——_—
g |lXE f, =436 N/mm?
7 400 -
| . /=577 N/mn2?
[% o ——Shear connector USI-CIVIL 350 E,, =2700 N/mm?®
200 i -
------ Reinforcement CA-50 Reinforcement (CA-50)
100 A -
— —Steel profile
0 ‘ | , | £, =500 N/mm?
0 0,05 0,1 0,15 0,2

Steel profile (ASTM A572 Grade 50)

£, =345 N/mm?

Figure 12. Material model for steel components.
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4.1.5 Validation

The validation of the numerical model was based on the experimental results of Oliveira [30]. Aspects such as
concrete cracking and shear connector deformations were also considered. In Figure 13, the “load-slip” curves obtained
in the experiments and numerical models are compared. The maximum load obtained in the experiments and in the
numerical models is presented in Table 2.

Table 2. Numerical and experimental results.

Maximum force of the shear connector

Specimen Group Numerical Test Ratio
Fmax,num [KN] Fmax,exp [KN] Fmax,num/Fmax,exp

CR56b PL30iso-As0 D1 296,63 312,78 0,95
CR56b PL30iso-As8 D2 359,00 408,29 0,88
CR56b PL30-As0 D3 306,82 313,09 0,98
CR56b PL45is0-As0 D4 271,90 291,35 0,93
CR56b-As0 D5 331,22 344,37 0,96
Mean 0,94
Standard deviation 0,04

Coefficient of variation 4,07%

Group D1 Group D2

350
300

250

é 200 i
T . <
S 150 [ 3
- ‘ =
100
50
04 ; . . . .
0 2 4 6 8 10
Slip [mm] Slip [mm]
Group D3 Group D4
350 350 -
300 4 ;
250 1 b —
E Z
&= 200 4 &
3 i Ei
150 -
a® 3
100 <4 N
=--=D3c
50 4.
§ - FEM
0 . .
0 2 4 6 8 10

400 -
350 -
300 -
250 4 [
200 {f
150
100 §
50 4/

Load [kN]

HEE ] ~ D5 b
g

=== DB
— FEM

0 2 4 6 8 10
Slip [mm]
Figure 13. Comparison between experimental and numerical “load-slip” curves.
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In all cases, the maximum numerical load reached is slightly below the respective experimental value, with a mean
ratio of 0,94 and a small coefficient of variation of 4,07% (Table 2). Although the focus of this research is to analyze
the behavior of the connection when it reaches its maximum strength, the numerical model was able to simulate the
post-peak behavior of groups D1, D3 and D5. Modelling push-out tests in their post-peak stage is a difficult task due
to all the contact interactions involved and due to the concrete cracking and plastic deformations present in this stage.
The effect of the reinforcement inside the openings of the shear connector was well captured by the numerical model
of group D2 in spite of the divergence in the post-peak stage. In general, the numerical model yielded reliable results
in comparison to experimental ones, with the highest and lowest shear connector strength in groups D2 and D4,
respectively.

In the experiments, cracks were observed on the concrete in the central region of the slab, which would later be
expelled, causing the connection to fail (Figure 14a). In the numerical model, this aspect of cracking is simulated very
similarly, as shown in Figure 14b.

(b)

DAMAGET

(Ava: 75%)
1,00
0,95
0,90

Figure 14. Concrete slab cracking: (a) experiment and (b) numerical model (group D1).

In the specimens with no pre-slab (group D5), a detachment of the concrete located immediately in front of the
connector was observed in the internal region of the slab due to the frontal force exerted by the shear connector. In the
respective numerical model, this aspect was also observed through tensile damage (Figure 15).

DAMAGET
(Avg: 75%)
1,00
0,95
0,90
0,85
0,80
0,75
0,70
0,50
0,40
0,30
0,20
0,10
0,00

Figure 15. Concrete cracking in front of the shear connector.

According to Oliveira [30], in all experiments, the shear connector did not suffer significant deformations, remaining
practically intact after the tests. For comparison purposes, the numerical model of group D3 is illustrated in Figure 16
in which the maximum stress reached by the shear connector (451,87 MPa) is highlighted. This value is slightly higher
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than the yield stress (fy = 436 MPa) of the shear connector and was identified in a small region in the steel dowel,
corroborating the observations of Oliveira [30].

Maximum stress S, Mises [MPa]

(Avg: 75%)
451,87
450,55
449,23
447,90
446,58
445,26
443,94
442,61
441,29

439,97

. s 438,65
- Displacement direction 437,32

436,00

(b) 1,25

Figure 16. (a) Shear connector after tests; (b) stresses in numerical model (group D3).

In all experiments, the rupture was caused by a specific concrete failure mode since the connector remained
practically intact in all tests. According to Kopp et al. [21], there are two possible failure modes of concrete associated
with composite dowels: (a) concrete shearing and (b) concrete pry-out. In the latter case, the rupture is due to the
confinement of the concrete that occurs inside the openings of the shear connector, as previously explained. The height
of the pry-out cone (see Figure 2) depends on ¢; and ¢, and is one of the main factors that directly affects concrete pry-
out resistance.

By associating the values of parameters ¢ and ¢y, of the tested specimens (Table 1) with the experimental and
numerical results (presented in Table 2), one could conclude that concrete pry-out was the failure mode that occurred
during the tests. In fact, since the D4 model has the smallest cover, it was expected to have the lowest capacity among
all models, with a pry-out failure in the internal region of the slab. In groups D1 and D2, due to the close values of ¢;
and ¢y, the failure could occur on both the inner and outer surface of the slab, while in models D3 and D5 concrete pry-
out should only occur on the outer surface, since the upper flange of the steel profile prevents the expulsion of the
concrete cone from the inner surface. It is important to highlight that, in specimens with EPS plates, the height of the
board was not considered to calculate the concrete cover in the bottom (¢p) since the EPS plate would not resist the
blow-out force.

The emergence of the fracture surface related to concrete pry-out was checked in numerical models by a cutting
plane in the slab 30 mm away from the shear connector (Figure 17). The tensile damage present in numerical models
is consistent with the concrete pry-out failure mode described: the pry-out cone was observed on internal (model D4),
external (model D3), and in both (model D1) surfaces.

/ Group D1

DAMAGET
(Avg: 75%)
Group D3

Group D4 i

/I

Figure 17. Tensile damage in the concrete slab.
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4.2 Parametric analysis

A numerical model capable of reproducing concrete pry-out conditions was developed for a single CR50 dowel so
that a parametric analysis of its pry-out resistance could be conducted (Figure 18). For this purpose, boundary conditions
and reinforcement arrangement were adopted based on the research by Classen and Herbrand [20], where the authors
investigated concrete pry-out in puzzle-shaped shear connectors. The reinforcement was adopted in a way that provides
the necessary confinement to cause the concrete to pry-out. In addition, a 20 mm thick shear connector with a yield
strength of 460 MPa (European high-strength steel S460) was used. These parameters were adopted to avoid steel
failure of the shear connector, which would nullify the hypothesis of concrete pry-out. Other properties of the numerical
model such as material behaviors, contact interactions, mesh, and analysis method were the same as those of the model
used in the validation of the tests.

Symmetry
to YZ plane

Displacement | ——

Figure 18. Numerical model developed for the parametric study.

The dimensions of the Crestbond shear connectors are described in terms of dowel spacing ‘e’ and are shown in
Figure 19.

0,68¢« 2
A = 0,233(ey)

0,466

Figure 19. Crestbond dimensions as a function of dowel spacing ex.

The main objective of this study was to create a database that would enable the adjustment of Equation 5 for the
Crestbond shear connector. The range of all parameters was configured to ensure the occurrence of pry-out in all
analyses. A scheme identifying the studied parameters, as well as their range, is presented in Figure 20.
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TOTAL: 36 numerical models

Figure 20. Parametric study (dimensions in mm).

The results of all 36 numerical simulations are shown in Table 3. They were divided according to the height of the
concrete slab and the nomenclature of the models following the designation shown in Figure 21.

fc20-Ab10-At8
P c

Concrete strength Top reinforcement:
of 20 MPa 2 ¢8

Bottom reinforcement

(inside the opening): 2 $10

Figure 21. Example of nomenclature.
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Table 3. Numerical results of the parametric study.

Model lf\::é;elTkI;I]l Model Maxil;lkl;\l;]l force Model Maxil;lkl;\l;]l force

fc20-Ab10-At8 12521 fc20-Ab10-At8 132,65 fc20-Ab10-At8 133,82
g fc20-Ab10-At10 128,28 g fc20-Ab10-At10 135,98 g fc20-Ab10-At10 136,45
Z £620-Ab125-At8 130,47 Z £620-Ab125-A18 138,32 E fc20-Ab125-At8 138,77
S £620-Ab125-At10 133,13 = £c20-Ab125-At10 141,05 S £20-Ab125-At10 140,29
& £e35-Ab10-At8 162,54 & fe35-Ab10-AS 171,01 & fe35-Ab10-Af8 173,78
f; fc35-Ab10-At10 167,18 fg fc35-Ab10-At10 176,47 § fc35-Ab10-At10 177,94
% fc35-Ab125-At8 173,28 % £c35-Ab125-At8 181,78  £c35-Ab125-At8 183,71
§ fc35-Ab125-At10 177,85 f" fc35-Ab125-At10 185,88 § fc35-Ab125-At10 188,42
; fc50-Ab10-At8 192,95 ; fc50-Ab10-At8 199,87 g fc50-Ab10-At8 209,27
S fc50-Ab10-At10 199,14 D £650-Ab10-At10 208,64 2 650-Ab10-At10 213,09
T fc50-Ab125-At8 201,69 T £c50-Ab125-At8 206,75 T fc50-Ab125-At8 216,56

fc50-Ab125-At10 208,47 fc50-Ab125-At10 215,35 fc50-Ab125-At10 220,77

The results of all models were analyzed in order to verify the failure by concrete pry-out. Below, evidence is
presented identifying this failure mode in the numerical model where its occurrence is the most unlikely, since it is the
one with the highest concrete strength (50 MPa) and slab height (120 mm).

In Figure 22, tensile damage in the maximum force increment of the fc50-Ab125-At10 model indicates a cracking
aspect similar to the formation of the pry-out cone, with damage appearing near the tips of the shear connector and
progressing towards the slab’s upper surface.

250,00 1

Model fc50-Ab125-At10 220,77 kN
Concrete slab (i, = 120 mm) s

200,00

DAMAGET
150,00 - (Avg: 75%)

Top view

Load [kN]
(=1
bt

100,00

0000000000000
O=NWLNGO N NO®
[=lelelelelalelall =1V, [=1V, [=]

50,00

=P Displacement direction

0,00 T T T r T T T
0.0 0.5 1,0 1.5 2,0 25 3,0 35 4.0 4.5 5.0

Slip [mm]
Figure 22. Load-slip curve of 'fc50-Ab125-At10' model (4 = 120 mm).

T

In Figure 23, there is a good correspondence between the tensile damage of the numerical model and the cracking
pattern observed in the experiments conducted by Classen and Herbrand [20] with puzzle shear connectors. Another
aspect that should be highlighted is that a vertical displacement of a concrete portion was observed in the numerical
simulations, caused by the outward pry-out force (Figure 24).
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Figure 23. (a) Tensile damage in numerical model; (b) concrete cracking in experiments with puzzle shear connector — Classen
and Herbrand [20].

Figure 24. Vertical displacement of concrete due to pry-out.

Finally, tensile damage was verified in the same section of the slab (30 mm from the shear connector) as presented
in Figure 17. The similarity between the cracking aspect of the model based on Verissimo's experiments and the single
dowel model is evident (Figure 25).

fc50-Ab125-At10
(h, =120 mm)

Figure 25. Tensile damage comparison between group D3 and fc50-Ab125-At10 (ke = 120 mm).

Considering that no steel damage was observed in the shear connector of the single dowel model, and due to the
similarity of the cracking aspect of all three push-out models (physical, numerical, and single dowel), one can conclude
that concrete pry-out is the failure mode occurring in all of these cases. Therefore, the results of the single dowel
model’s parametric analysis can be used to calibrate the analytical model.
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5 MECHANICAL MODEL AND COMPARISON WITH EXPERIMENTAL RESULT

The mechanical model presented in Equation 5 was used to estimate Crestbond’s resistance to concrete pry-out
considering only one row of shear connectors (y, = 1,0). The height of the concrete cone was calculated according to
Equation 4, valid for PZ and MCL geometries. In this work, the ‘4” coefficient was determined using the results of the
parametric study through a regression analysis, and the value obtained was 37 (Equation 7), which results in a mean
Pireo/ Prene value equal to 0,91 and a coefficient of variation of 24,24%.

@)

1 15
Ppo,CR :37;(1 +pD,i)Zx Sek hp’o

Finally, experimental results were compared with those obtained through Equation 7 (Figure 26), in which a mean
1atio Pieo/ Pep 0f 0,99 and a coefficient of variation of 10% were obtained. The coherence of the mechanical model is
especially evident when its results are compared with those of group D4. Due to the small concrete cover (¢, = 15 mm),
there is a high probability of concrete pry-out in specimens of this group, and this is evident in the extremely close
values between P, and P.y,. This is consistent with Figure 27b, where a vertical displacement (in the direction of the
smallest concrete cover - ¢,) was observed.

450
375 smallest
concrete cover .000"‘” A ERE
300
— @Dl
Z
= 225 mD2
I~
Q
i 150 ©D3
XD4
75
ADS
o L
0 75 150 225 300 375 450

Pesp [KN]
Figure 26. Comparison between experimental and analytical results.

The influence of the reinforcement is clearly visible when comparing the results of groups D1 and D2, which have
the same concrete cover on both sides. Although the mechanical model takes the effect of the reinforcement into
consideration, it is clear that its contribution to the connection’s resistance is greater in the experimental values. In
general, the errors between theoretical and experimental results did not exceed 15%, which demonstrates the
consistency of the mechanical model.

Figure 27. Typical cracking of concrete pry-out observed in tests: (a) D1 and (b) D4.
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7 CONCLUSIONS

In this paper, a mechanical model was proposed to estimate the concrete pry-out resistance of Crestbond shear
connectors. The model was based on already established expressions currently in use for shear connectors with puzzle
and clothoidal geometries. The proposed expression was adjusted through a parametric study involving numerical
simulations capable of representing the concrete pry-out failure mode. Explicit dynamic analysis was conducted and it
proved to be effective in validating the numerical model, presenting a mean ratio between numerical and experimental
results equal to 0,94 and a small coefficient of variation of 4,07%. The validation of the models for concrete pry-out
was performed through an analysis between the concrete tensile damage observed in the numerical model and the
cracking aspect in experiments. The proposed equation corresponded well to the experimental results, with a mean ratio
Piheo/ Pexp €qual to 0,99 and a coefficient of variation of 10%. The values found in this study suggest that the concrete
pry-out expressions in German Technical Approval Z-26.4-56 [22] can also be applied to Crestbond shear connectors.
An analysis of the structural behavior of Crestbond shear connectors in full-size beams subjected to monotonic loads is
suggested as a subject for future research for the purpose of evaluating the consistency and applicability of the proposed
expressions.
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