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Abstract: In curtain wall applications, anchor channels are frequently installed near the edge of
composite slabs with profiled steel decking. The complex concrete geometry of these floor slabs
affects the capacity of all concrete failure modes, but there are currently no guidelines or investigations
available on this topic. The main objective of the present research is to investigate how the position of
anchor channels and the complex slab geometry influence the tensile capacity of anchor channels.
For this purpose, an extensive numerical parametric study was performed using the 3D nonlinear FE
code MASA, which is based on the microplane constitutive model. In order to validate the numerical
results, an experimental program was carried out for some of the configurations possible in practice.
Based on the results, recommendations are given for the reduction in the tensile capacity of anchor
channels in composite slabs with profiled steel decking.

Keywords: anchor channels; tension load; composite slabs with profiled steel decking; capacity
reduction; modification factor

1. Introduction

Cast-in anchor channels have become a common fastening system for curtain walls
due to their adjustability and reduced on-site labor requirements compared to post-installed
fasteners. The curtain wall application of anchor channels is characterized by installation
near the edge of thin concrete slabs, resulting in a lower capacity of concrete failure modes.
The design becomes even more challenging when composite slabs consisting of profiled
steel decking with an in situ concrete topping are used. Their specific geometry requires
a design based on engineering judgments that may lack precision. Bogdani¢ et al. [1]
investigated the influence of complex geometry on the concrete edge breakout capacity of
anchor channels under shear load and proposed a modification factor. To extend the work
presented in [1], the same conditions under tensile loads were analyzed. The aim of the
present study was to present the numerical and experimental investigations and discuss
the influence of the geometry of composite slabs on the capacity of anchor channels under
tension. Two typical shapes of profiled steel decking (trapezoidal and re-entrant profiles)
were simulated. In order to cover as many configurations as possible, the orientation of the
steel decking (perpendicular and parallel to the edge) was varied, as well as the position of
anchor channels with respect to the profiled steel decking and the overall thickness of the
composite slab. Common details of the profiled steel decking are illustrated in Figure 1.
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Figure 1. Typical edge configurations: (a) perpendicular orientation of the steel decking; and
(b) parallel orientation of the steel decking [1].

Design of Tension-Loaded Anchor Channels

The design of anchor channels in thick concrete members is based on the concrete
breakout model proposed by Kraus [2]. Since anchor channels behave as a continuously
supported beam would, Kraus [2] also proposed a method for calculating the forces on the
anchors based on a simplified triangular distribution over a so-called “influence length”.
The anchor forces are utilized for the concrete capacity verifications which need to be
performed for each single anchor. In the case of anchor channels in thin members, the
governing failure mode is often the concrete splitting failure due to loading which has
not been extensively investigated. This is evidenced by the different design approaches
in Europe (EN 1992-4 [3]) and in the United States (ACI 318 [4] with the amendment of
AC 232 [5]). Moreover, the concrete behavior of fastening systems subjected to tension in
thin members is also affected by the bending stresses induced in the slab itself by external
loads [6-8].

The installation of anchors channels close to the edge of thin plain concrete slabs has
already been investigated by the authors [6] and modifications to the current design model
for splitting of EN 1992-4 [3] have been proposed. According to [6], the characteristic
resistance of an anchor channel shall be calculated according to the following equation:

0
N, Rk,sp — N, Rk'chh,s,N 'Ych,c,N 'Tch,e,N 'ere,N 'th,sp/ (1)

where factor NV, is the minimum of basic characteristic concrete breakout resistance and
characteristic pull-out resistance with a pre-factor to ensure optimal agreement between
the results and the proposed model:

Nge = 1:15-min (Nfe., Nexyp). @)

Modification factors ¥y, s N, Yo e N, and ¥y in Equation (1) should be calculated
according to the provisions for concrete breakout failure. However, the characteristic edge
distance ¢,y and spacing s,y shall be replaced by c,sp and s¢sp, respectively. For the
influence of edge distance, a linear function has been proposed:

Wopon = 0.52+ 0.08;—1f < 1.0. 3)
e
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With the above Equation (3), the characteristic edge distance corresponds to
Cersp = 6hef. The characteristic spacing scrsp is defined as twice the value of the charac-
teristic edge distance for splitting, i.e., scrsp = 12hef. An additional factor Fhsp takes into
account the influence of member thickness and is computed as follows:

h her +cor N
Phsp = <hef> < max{l; (W) } <20. (4)

The numerical and experimental results showed that the modified model is able to
accurately predict the tensile capacity of anchor channels in thin concrete slabs. There-
fore, the proposed modified model from [6] should be used as a basis and an additional
modification factor should be applied to account for the influence of the complex concrete
geometry of composite slabs.

2. FE Model and Experimental Validation

A 3D nonlinear finite element (FE) code MASA [9] was employed for the numerical
parametric study. The code is based on the microplane constitutive law for concrete with a
relaxed kinematic constraint, where the microplane strains are assumed to be projections of
the macroscopic strain tensor [9]. The constitutive properties are entirely characterized by
uniaxial relationships between the stress and strain components at each microplane. The
macroscopic stiffness and stress tensors are calculated as an integral over the unit radius
sphere by monitoring stresses and strains in different predefined directions [9]. Since the
analysis is performed within the framework of the smeared crack approach, a regularization
technique is required to prevent mesh-dependent results. The crack band method [10]—
which is one of the simplest techniques—is employed in the FE code. In this method,
the post-peak (softening) response of the constitutive law depends on the fracture energy
and the element size, i.e., the larger the element, the more brittle the material response
should be. In order to minimize the mesh sensitivity, one should be aware of its drawbacks,
e.g., the influence of mesh alignment, element shape, etc. [11,12]. Nevertheless, the code
has been successfully used in a number of 3D numerical studies for various structural
problems in concrete engineering [1,6,13-15]. The FE discretization and the evaluation of
numerical results were performed using the commercial pre- and post-processing program
FEMAP [16].

The validation of numerical simulations for plain and composite slabs was described
in detail in the recently published paper [6]. Tests were carried out for anchor channels in
uncracked plain concrete slabs as well as in composite slabs (steel decking Cofraplus 60)
with the same overall thickness of i = 130 mm. Medium-size anchor channels (HAC-60)
with two anchors (embedment depth /i,s = 106 mm) were installed parallel to the orientation
of the steel decking in composite slabs with a distance between the anchors and the steel
decking of 50 mm. The anchor spacing s = 200 mm and the edge distance c; = 100 mm were
selected due to their common occurrence in curtain wall applications. The dimensions and
arrangement of the reinforcement were identical for the plain slab and the composite slabs
to obtain information on the capacity reduction due to the presence of the steel decking.
The width and length of the slabs were 1300 mm.

The tests were carried out in accordance with the EAD [17] in the laboratory of
the Faculty of Civil Engineering in Rijeka, Croatia, using a Zwick Roell servo-hydraulic
actuator with 500 kN load cell. The load was distributed equally to two channel bolts
(HBC-C M20 x 80 8.8F) inserted directly over the anchors, as shown in Figure 2a, whereas
the distance between the anchors and the vertical supports was set to 2k, All the slabs
were made of the same batch of a low-strength concrete (C16/20), in which crushed (edged)
aggregate with a maximum size of 16 mm was used. The measured concrete properties were
as follows: fz; = 34.61 N/mm? (f, = 27.69 N/mm?) measured on 5 cubes (150 x 150 x 150)
with CoV =3.90%, fy =2.39 N/ mm? measured on 3 cylinders (300 x 150) with CoV = 2.56%
and Gr = 55 ]/m? measured on 6 prismatic specimens (100 x 100 x 400) with CoV = 4.82%.
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Figure 2. (a) Experimental setup; and (b) comparison between experimental and numerical breakout
patterns [6].

The concrete slab was discretized with four-node solid finite elements, whereas steel
parts were modeled mainly with eight-node solid elements, as shown in Figure 3a. The
size of the finite elements was set to approximately 10 mm in the vicinity of the channel
(fracture process zone) and gradually increased towards the edges of the model. Since
the focus was on the concrete failure, steel parts were assumed to be linear elastic with a
Young’s modulus of 210 GPa and a Poisson’s ratio of 0.33. To ensure a realistic behavior
of the connection, 1D linear contact elements were used between the concrete and steel.
These elements can take up only compressive forces and in-plane shear forces (friction).
Since anchor channels belong to the fastening systems that transfer applied tension loads
through mechanical interlock, the friction coefficient has minimal influence and was set
to 0.3.

z direction

X, Y, Z direction

(a) (b)

Figure 3. (a) FE discretization: 1—concrete slab, 2—anchor, 3—channel, 4—T-bolt with nut, 5—fixture,
6—anchor interface, 7—channel interface, 8—T-bolt interface, 9—PTFE sheet; (b) FE model and
boundary conditions.

With the geometry and boundary conditions corresponding to the performed tests, the
numerical models were able to realistically predict the ultimate loads and crack patterns,
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as shown in Table 1 and Figure 2b. Note that the analysis was predictive, i.e., it was
performed before the experimental verification tests. The difference between the numerical
and test results was less than 6% in all investigated cases. As discussed in [6], the only
difference occurred in the load—-displacement curves, where the numerical results showed a
slightly stiffer response. This can be attributed to the local effects (e.g., local crushing of the
concrete around the anchor head), which cannot be properly accounted for in macroscopic
analyses [18]. However, this discrepancy is not significant to the outcome of the study and
the proposed design changes because, unlike similar studies [19], the displacement does
not directly affect the determination of the bearing capacity. In fact, the difference between
the displacements at the maximum resistance was less than 1 mm. More details related to
the numerical verification of the model can be found in [6].

Table 1. Comparison between experimental and numerical results—4 tests were performed for
each configuration.

a h h Num s CoV N, i N, sim/Num
Slab T ef 4 u,sim u,sim! Nu,
ab lype (mm) (mm) (mm) (kN) (kN) (%) (kN) )
Plain 100 106 130 79.00 0.90 1.14 74.48 0.94
Composite 100 106 130 52.22 2.95 5.66 51.08 0.98

Definition of Boundary Conditions

A typical finite element discretization (model) used in the numerical parametric study
is shown in Figure 3b. The only difference between the model for composite slabs and the
model for plain concrete slabs was the presence of steel decking and the corresponding
interface elements with contact bars. The edge trim (or pour stop) of the steel decking in
composite slabs was considered as a non-structural element and its contribution was not
taken into account. The boundary conditions were defined as nodal loads and constraints.
The load was applied at the nodes on the T-bolts, which were placed directly above the
anchors. The nodes on the red surfaces were assumed to be fixed. These surfaces are
outside the range affected by cracks and high stresses and therefore the model realistically
replicates the behavior of anchor channels in floor slabs in practice. The nodes on the red
curves represent the vertical supports that should be placed at a distance greater than
2h,s according to the current approval guidelines [5,17]. When possible, half of the model
was simulated, taking advantage of symmetry to reduce computational costs (Series 1 and
Series 2 of Section 3).

In [6], it was shown that the spacing between the anchor and the vertical support
does not have pronounced influence on the results for plain concrete slabs. However, for
composite slabs, the influence of the support span is much more pronounced, due to the
lower local flexural stiffness. For example, Figure 4 shows the breakout patterns at the
ultimate load for the support spans 2.5h,¢ and 4.5h, for the steel decking oriented parallel to
the edge. The finite elements colored in red correspond to a crack width of approximately
0.1 mm or larger. Namely, the deformation of 0.008 was obtained by dividing the crack
width by the average element size (band width) in the fracture zone (app. 12.5 mm). In
this case, the thinnest section overlying the flange is the weakest part of the model and
causes the failure crack to form behind the channel (at the distance /1), regardless of how
far away the vertical support is. The reduction increases with the support span as the lever
arm between the point of load application and the support (distance I;) becomes larger
without significantly increasing the flexural stiffness, and thus without a notable increase
in resistance (Table 2). The same analogy can be applied for the steel decking oriented
perpendicular to the edge. Additionally, for large support spans, the slab failure occurs
before anchorage failure. Therefore, the question arises of whether this bending failure
should be treated as a global problem or as a local failure, since in practice, the location
of the vertical supports is not known in advance. In this study, the support span was set
at 2.5h,, in a consistent way with the specification according to qualification tests in the
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current guidelines [5,17]. Nevertheless, the interaction between the global stresses (due
to shear or bending) and the local stresses introduced by the fastening element for thin
members is one of the problems that need to be considered in further research.

0.008
0.00686
0.00571
000457
000343

000223

00014

(b) 0

Figure 4. Breakout patterns at the ultimate load for: (a) support span of 2.5h,; and (b) support span
4.5h,s (symmetry was utilized).

Table 2. The influence of support span.

Ny Nu/N, u,ref
(kN) -

2.5h, 66.95 1.00
3.5h, 58.82 0.88
45N, 4733 0.71
107, 26.57 0.40

Support Span

3. Numerical Parametric Study

The numerical parametric study was conducted to investigate the vast majority of
possible configurations of anchor channels in composite slabs. Each composite slab con-
figuration had its counterpart in the equivalent plain concrete slab with the same overall
thickness to determine the capacity reduction. In all simulations, a medium size anchor
channel (HAC-50, more information on which can be found in [20]) with two anchors was
adopted, varying the embedment depth and anchor spacing. Within the study, two steel
decking profile types were simulated: Ribdeck S60, representing the typical trapezoidal
profile, and Superib, representative of the re-entrant profiles. It should be noted that
the height of the Superib profile was increased from 51 mm to 60 mm to allow a better
comparison between the two geometries in the simulations, as shown in Figure 5.

T

I

L 180

300 120
|

-J.—120-J.

60
17

SRy Ry ARy
ﬁ_u-_ |

600mm Cover Width 600mm Cover Width

(a) (b)

Figure 5. Geometry of steel decking profiles: (a) Ribdeck S60; and (b) Superib [1].
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Material properties of concrete were defined according to the CEB FIP Model
Code 90 [21]: cylinder compressive strength f, = 20 N/mm?; uniaxial tensile strength
ft =157 N/ mm?; fracture energy Gf =50]/m?; Young’s modulus E. = 27,100 N/ mm?; and
Poisson’s ratio v, = 0.18. Steel was assumed to be linear elastic with parameters identical to
those given in Section 2 since the concrete failure was the main topic of investigations. The
influence of reinforcement was not investigated within this study. In general, composite
slabs are only lightly reinforced with surface mesh reinforcement to control cracking. Ac-
cording to EN 1994-1-1 [22], the minimum cross-sectional area of the reinforcement should
be as follows:

e 0.2% of the cross-sectional area of the concrete above the ribs for unpropped construction.
0.4% of the cross-sectional area of the concrete above the ribs for propped construction.

Therefore, the amount of reinforcement usually present in slabs cannot even be con-
sidered according to the current code provisions [3,5]. However, a recent study of headed
studs [8] has revealed that surface reinforcement can increase the concrete breakout capacity,
especially in thin members. Therefore, the influence of surface reinforcement could be an
interesting topic for future research.

In the scope of this study, three cases were distinguished based on the orientation of
the steel decking and the position of anchor channels. Unless otherwise stated, the overall
member thickness of 130 mm, which is fairly common in practice, was selected.

The most important parameters are illustrated in Figure 6. The parameter d,, represents
the distance between the anchor and the web of the profile which depends on the width of
the perimeter beam by,. In addition, the angle o is acute for trapezoidal profiles, obtuse for
re-entrant profiles, and a right angle for the perpendicular orientation of the steel decking.

P
Y l a h-hef

e > >

dw C1

o198

-

Figure 6. Parameters of the numerical model.

In Series 1, the profiled steel decking was oriented parallel to the edge and the width
of the perimeter beam by, was varied for a constant edge distance ¢; = 100 mm. Embedment
depths ks = 91, 106 and 120 mm, which are common for these applications and the two
profile types, were investigated, as shown in Table 3. Shorter anchors were excluded from
this study as in this case the influence of bending would be less pronounced since the
concrete cone failure becomes decisive rather than concrete splitting [6].

Table 3. Series 1—anchor channel in the perimeter beam, parallel to the steel decking profile.

. . . . c1 h hef dw s
Orientation Installation Profile Type (mm) (mm) (mm) (mm) (mm)
100 130 91, 106, 120 15, 30, 45, 60, 100 250
Perimeter Ribdeck S60 100 180 91, 106, 120 15, 30, 45, 60, 100 250
Parallel beam 200 130 106 15, 30, 45, 60, 100 250

Superib 100 130 91, 106, 120 15, 30, 45, 60, 100 250
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In order to investigate the influence of member thickness, the width of the perimeter
beam was varied, simulating an additional member thickness /1 = 180 mm with the trape-
zoidal profile Ribdeck S60. In addition, a single configuration (h, = 106 mm, & = 130 mm,
Ribdeck S60) was investigated for the edge distance ¢; = 200 mm to understand whether
this parameter also affects the capacity reduction.

In Series 2, anchor channels with embedment depths of /s = 91, 106 and 120 mm were
also placed in the perimeter beams with various widths, but the orientation of the steel
decking was perpendicular to the beam. Since this configuration is very similar to Series 1
(see Figure 7), only trapezoidal profile Ribdeck S60 was simulated, as shown in Table 4.

(a)

Figure 7. The geometry (model) representing: (a) Series 1; and (b) Series 2.

Table 4. Series 2—anchor channel in the perimeter beam perpendicular to the steel decking.

Orientation

Installation

H
(mm)

dw s
(mm) (mm)

c1
(mm)

heg

Profile Type (mm)

Perpendicular

Perimeter beam

Ribdeck S60 100 130 91, 106, 120 15, 30, 45, 60, 100 250

The main objective of Series 3 was to investigate the installation of anchor channels
over the decking profile, when it is oriented in perpendicular to the edge (see Table 5).
Since the considered embedment depths exceeded the thickness of the concrete layer above
the steel decking, the anchor spacing was varied to be compatible with the dimensions of
the steel decking. The anchor spacings s = 250 mm and s = 300 mm were simulated for
the trapezoidal profile, whereas the anchor spacings s = 150 mm and s = 200 mm were
chosen for the re-entrant profile. Moreover, in order to cover a number of configurations,
the anchor channels were placed symmetrically over the flange (symmetric configuration),
but also shifted to one side (asymmetric configuration). For example, Table 6 shows the
configurations investigated for the trapezoidal profile.

Table 5. Series 3—anchor channel over the decking profile, perpendicular to the decking profile.

Orientation

Installation

dw s
(mm) (mm)

c1 h
(mm) (mm)

her

Profile Type (mm)

Perpendicular

Over the
profile

100 130
100 180

91, 106, 120
120

250, 300
250, 300

Depends on

Ribdeck S60 configuration

Depends on

100 . .
configuration

Superib 130 91, 106, 120 150, 200




CivilEng 2022, 3

304

Table 6. Investigated configurations in Series 3 for the trapezoidal profile.

Configuration

s =250 mm s =300 mm

Symmetric

Asymmetric

Nu / Nu,Ref[']

1.0

0.9

o
Ioe)

o
~

0.6

0.5

4. Numerical Results
4.1. Series 1

The numerical results of Series 1 are reported in Figure 8 in terms of relative capacity
Nu /Ny, ref as a function of the anchor lateral distance d;, from the decking profile, whereby
N, is the ultimate tensile concrete capacity in composite slabs and N, g, is the reference
ultimate capacity in the plain concrete slab. According to the obtained numerical results,
the capacity reduction does not significantly depend on the width of the perimeter beam,
as long as the parameter d, is not small enough to provoke a sort of blowout failure. As
shown in Figure 8a, reducing d, below approximately 30 mm, the relative capacity for
all investigated cases decreases rapidly. For larger d;, distances, reductions of less than
20% were observed compared to the reference plain concrete slab, with no particular trend.
As the width of perimeter beam by, increases, one would expect smaller reductions. At
the same time, however, an opposite effect occurs, as the lever arm between the applied
forces and the weakest cross-section behind the channel /; also increases (see Figure 4).
For comparison, Figure 9 shows the post-peak breakout patterns in terms of deformations
for the distances dy, = 15 and d;, = 45 mm and the corresponding reference plain concrete
slab. For the reference slab, a typical cone-shaped pattern was developed. In contrast,
a sort of blowout failure can be observed for the smallest distance d;,, accompanied by
flexural cracks behind the channel starting from the corner of the flange. For the distance
d = 45 mm, a cone-shaped breakout pattern was developed together with clearly visible
flexural cracks. However, the dimension of the cone behind the channel was smaller than
that of the reference plain slab due to the disturbance caused by the steel decking.

1.0

A
@
L u

hg=106 mm; h =130 mm Ribdeck $60; h =180 mm
@ Ribdeck S60; ¢; = 100 mm ®her =91 mm
A Superib; ¢; =100 mm Ahg =106 mm
M Ribdeck S60; ¢, = 200 mm B he =120 mm

0 20

T 1 0 5 T T T T T 1
40 60 80 100 120 0 20 40 60 80 100 120

Distance d,, [mm] Distance d,, [mm]
(a) (b)

Figure 8. Numerical results of Series 1 for: (a) the embedment depth hef =106 mm; and (b) the overall

member thickness i = 180 mm.
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0.008

000686

000571

(a) (b) 000457
000343

000223

000114

(C) 0

Figure 9. Post-peak breakout patterns (section through the anchor for /s = 120 mm) for: (a) plain
concrete slab; (b) composite slab—d;, = 45 mm; and (c) composite slab—d;, = 15 mm.

Moreover, it can be also observed from Figure 8a that the results for both investigated
edge distances are comparable, and thus the edge distance also does not have a pronounced
influence on the reductions. The results for the 180 mm-thick composite slabs are shown
in Figure 8b. In a similar way as for the 130 mm-thick slab, the relative capacity in case of
composite slabs was over 80% in all cases. However, a larger reduction was not obtained
for the smallest value of dy, since the anchor length did not exceed the thickness of the layer
above the steel decking, and the blowout failure could not develop.

4.2. Series 2

In Series 2, the steel decking profile was oriented in a direction perpendicular to the
perimeter beam. In general, there was no significant difference between the investigated
embedment depths and the results were comparable with the Series 1 results, as shown
in Figure 10. Additionally, in this case, the largest reduction was again observed for the
smallest value of the parameter d,,, while for the other studied values, the reductions in
capacity of the composite slabs did not exceed 20%. It should be mentioned that the anchors
were placed in the direction of flanges (refer to Figure 7b). Consequently, as the parameter
dy decreases, the anchors approach the voids and the failure mode turns into a sort of
blowout failure.

1.0
|
| |
j L
0.9 1 i 2
= d
Y SO R UDE. SEN P 1 SR S PN SN PR R S
n:s‘
=
=071 o .
Perpendicular; h =130 mm
I . -
06 het =91 mm |
A Aher =106 mm
O W hes = 120 mm
05 T T - ‘

0 20 40 60 80 100 120
Distance d,, [mm]

Figure 10. Numerical results of Series 2.
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4.3. Series 3

Various positions of the anchors in the ribs of the decking profile were investigated in
Series 3. The relative capacity Ny, /N, e for the trapezoidal and the re-entrant profiles are
shown in Figure 11a,b, respectively. It can be observed that the relative capacities between
the investigated configurations were comparable between the different embedment depths,
although slightly larger reductions were observed with increasing embedment depth. The
most critical case was the configuration with both anchors in the vicinity of the steel
decking, which would correspond to the anchor spacing of s = 300 mm and asymmetric
configuration (see Table 6). Unlike in Series 1, the influence of member thickness cannot be
neglected. As can be seen from Figure 9a, there was a difference in the relative capacities
for the embedment depth /s = 120 mm installed in the 130 mm and 180 mm thick slabs
between 0.21 and 0.29.

1.0

08 0.76 0.78 _ 0.78 Ribdeck S60

:‘*06 # her = 91 mm; h =130 mm
[ﬂx)- .
= B her = 106 mm; h = 130 mm
=04 = her = 120 mm; h =130 mm
02 ® her = 120 mm; h = 180 mm
0.0
§ =250 mm §=250 mm 5 =300 mm §=300 mm
asymm symm asymm symm
(a)
1.0
0.85 0.87 6o
82080 0.810.810.81
Eo_s B her =91 mm
Ez H her = 106 mm
=04
M her = 120 mm
0.2
0.0
s =150 mm s=150 mm s =200 mm
asymm symm symm
(b)

Figure 11. Numerical results of Series 3 for: (a) the trapezoidal profile; and (b) the re-entrant profile.

The shape of the steel decking had a significant effect on the capacity reduction. The
reductions for composite slabs with the trapezoidal profile Ribdeck S60 were more than
20% larger than for the re-entrant profile Superib. To explain this fact, Figure 12 shows the
cross-sections through the longitudinal axis of the channel and the corresponding principal
stresses 033 (compressive stresses in concrete) at the ultimate load for both decking profiles.
As can be seen, a sort of strut-and-tie mechanism develops in the case of re-entrant profiles,
where the compressive forces are transferred from the anchor head to the corners of the
flanges (green area in Figure 12b). Therefore, the re-entrant profile provides a confinement
and higher stresses can be generated around the anchor head. This can be recognized by
the larger purple areas around the anchor heads which experienced compressive stresses
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of approximately 60 N/ mm?. For fasteners loaded in tension, this directly increases the
concrete capacity.

(b)

Figure 12. Principal stress 033 (N/ mm?) at the ultimate load: (a) the trapezoidal profile; and (b) the

re-entrant profile.

5. Experimental Results

In an experimental test program aiming to verify the numerical results, a total of
four configurations in composite slabs in addition to the reference in plain concrete were
tested. An example of a composite slab used for testing is shown in Figure 13. The
composite slabs had a length of 1800 mm, a width of 1700 mm and a thickness of 150 mm,
whereas a Cofraplus 60 profiled steel decking was used. Using all four edges of the
composite slabs resulted in two anchor channels in parallel and in two anchor channels
perpendicular to the decking profile in each slab. The large amount of reinforcement visible
in Figure 13 was placed outside of the possible breakout bodies and was aimed to avoid
any kind of splitting or corner influence, but also to avoid the influence of possible cracks
on the subsequent tests. The reference plain concrete slab was squared with a length of
1800 mm and the same overall thickness as composite slabs. The two configurations with
a channel parallel to the profiled steel decking were aimed to investigate the behavior
in narrower (dy, = 25 mm—configuration 1) and wider (dy = 125 mm—configuration 2)
perimeter beams. These tests correspond to the simulations performed within Series 1. For
the perpendicular orientation of the steel decking, the installation in a narrow perimeter
beam (dy = 25 mm—configuration 3) was designed according to Series 2, whereas the
installation over the profile (configuration 4) was designed to validate the numerical results
obtained in Series 3.
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Configuration 1

/e

Configuration 2 Configuration 3 Configuration 4

Figure 13. Composite slab layout.

Anchor channels (HAC-60 profile provided by the company Hilti [20]) equipped with
two anchors at a distance of s = 200 mm were utilized. The edge distance ¢; = 100 mm and
the embedment depth /s = 106 mm were chosen. The tests were performed in accordance
with EAD [17] at the laboratory of the Faculty of Civil Engineering in Rijeka, Croatia. The
experimental setup was the same as depicted in Figure 2a. A constant displacement rate
of 0.05 mm/s was applied and controlled by machine stroke. All slabs were made of the
same batch of a low-strength concrete. Crushed (edged) aggregate with a maximum size of
16 mm was used. The tests were performed approximately a month after casting, and in
the meantime, the slabs were stored in the laboratory. The concrete compressive strength
of foe = 20.80 N/mm? (the corresponding f; = 16.64 N/mm?) was measured on 3 cubes
(150 mm x 150 mm x 150 mm) with a coefficient of variation of CoV = 5.98% at the time
of testing.

The test results are summarized in Table 7. Configuration 1 was one of the most critical
configurations with a relative capacity of 0.71. This result is consistent with the numerical
results obtained in Series 1, wherein the largest reductions were observed for d;, < 30 mm.
As shown in Figure 14a, the crack ran directly into the steel decking as the anchor heads
were placed near the steel decking, resulting in a smaller breakout body. The installation
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parallel to the steel decking in a 225 mm-wide perimeter beam (configuration 2) was the
most favorable configuration. The reduction of 10% can be attributed to the reduced
flexural stiffness of the slab due to the presence of the steel decking at the distance of
dy = 125 mm with only minor influence on the breakout size, as shown in Figure 14b. It
should be noted that this result agrees well with the numerical results in Series 1 for larger
distances d. A very similar relative capacity of 0.87 was also observed for the anchor
channels placed in a narrow perimeter beam and perpendicular orientation of the steel
decking (configuration 3). A greater reduction might have been expected; however, the
anchors were placed in the direction of the ribs, right in the area of major stiffness of the
composite slab. Thus, the anchor heads were not located near voids and consequently,
the development of blowout failure was prevented, as shown in Figure 14c. As expected,
the most unfavorable configuration was the installation over the profile (configuration 4)
with a relative capacity of 0.66 with respect to the mean reference capacity in the plain
concrete slab. The breakout pattern, shown in Figure 14d, reveals that the cracks developed
at the flange corners were followed by the formation of a typical cone-shaped pattern. This
result also agrees well with the numerical results that showed a reduction of approximately
40% for the given embedment depth and symmetric configurations in a slightly thinner
composite slab.

Table 7. Test results.

. . Num Ntest o CoV Nu,m/Nu,m,re
Configuration (KN) © (KN) %) © f
Reference 65.18 4 1.87 2.86 1.00
1 46.30 3 2.28 4.93 0.71
2 58.40 3 2.39 4.09 0.90
3 43.21 3 1.54 3.56 0.66
4 56.59 3 3.60 6.35 0.87

Figure 14. Cont.
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Figure 14. Breakout patterns for: (a) configuration 1; (b) configuration 2; (c) configuration 3; and
(d) configuration 4.

6. Design Recommendations

According to the obtained numerical and experimental results, anchor channels in
perimeter beams exhibit very similar capacity reduction if they are placed sufficiently far
from the steel decking. Therefore, a constant reduction factor, which should be included in
Equation (1), is proposed for the installation of anchor channels in perimeter beams:

chom,pb,N =0.8. (5)

In case the embedment depth exceeds the thickness of the concrete layer above the
steel decking, the required distance to preclude the blowout failure is relatively small,
i.e., a distance of approximately 30 mm is sufficient according to the results. This rather
simple and praxis-oriented proposal leads to the mean simulation-to-prediction value of
1.09 and the corresponding standard deviation of 0.06, as shown in Figure 15a. It should be
mentioned that values obtained for d;, = 15 mm are not included in statistical evaluation.

200 A !
n=65 n=25
Mean = 1.09 Mean =1.05
SD =0.06 150 —t : SD=0.09
s
. * ks
] 3 H
L4 i £ 100 |
: = 3
=
= |
Blowout et
failure
; . ‘ . : ! 0.00 : : : ; ‘ |
15 30 45 60 75 90 105 100 110 120 130 140 150 160 170 180 190 200
Distance d,, [mm] Member thickness f [mm]
(a) (b)

Figure 15. Numerical results compared to the new design proposal: (a) Series 1 and Series 2; and
(b) Series 3.

For the installation over the decking profile, the capacity reduction is more pronounced
in the case of trapezoidal profiles and depends on member thickness. Therefore, the
following expression should be considered for this configuration:

h
chom,p,N = WCI (6)
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where &, represents the thickness of the concrete layer above the steel decking and £ is the
overall member thickness. The shape of the re-entrant profiles is more favorable in this
case and thus a constant factor of 0.8 should be applied. It should be mentioned that for
thicker composite slabs the value of 0.8 might be slightly conservative, but in the interest
of simplicity, the proposed approach could be considered in design. Again, this proposal
results in the acceptable mean value of 1.05 and standard deviation of 0.09, as shown in
Figure 15b. Numerical results are summarized in Appendix A.

7. Conclusions

This paper deals with anchor channels loaded in tension in composite slabs with
profiled steel decking. An extensive numerical parametric study and a corresponding
experimental program were carried out to investigate how the complex geometry of com-
posite slabs affects the capacity of concrete failure modes. In order to cover as many
possibilities as possible in practice, the orientation of the steel decking and the position
of anchor channels were varied. Based on the numerical and experimental results, the
following conclusion can be drawn:

e  The influence of bending affects the concrete capacity of tension-loaded fasteners in
thin concrete members. It was shown that the influence of support span is not so
pronounced when installed in plain concrete slabs. However, for composite slabs, the
influence is significant, and the interaction between the global stresses and the local
stresses caused by the fastening system should be considered for further discussion.

e  When anchor channels are installed in perimeter beams, the orientation of the profiled
steel decking does not have a pronounced influence. If anchors are placed sufficiently
far from the steel decking, a reduction of up to 20% can be expected for the studied
geometry, regardless of the width of the perimeter beam, embedment depth, edge
distance or member thickness. Therefore, a constant reduction factor of 0.8 is proposed
if the distance between the anchor and the steel decking is sufficient to avoid blowout
failure. According to the obtained results, this distance should be d;, > 30 mm.

e Installation over the steel decking is the most critical position, especially in the case of
composite slabs with trapezoidal profiles. For a common thickness of 130 mm, capacity
reductions of up to approximately 50% compared to a plain concrete slab are possible
for trapezoidal profiles. The influence of the anchor position is minor, as well as the
influence of embedment depth. However, the influence of member thickness cannot
be neglected in this case. Therefore, a modification factor based on the thickness of the
concrete layer above the steel decking and the overall member thickness is proposed.
For re-entrant profiles, a constant factor of 0.8 can be adopted as their shape enhances
concrete capacity.

e  Given the complexity of the topic, the obtained test results can be considered as the first
evidence. In order to optimize the design method, further experimental investigations
are recommended in the future.
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Appendix A

Table A1. Numerical results—plain concrete slabs (reference models, f. = 20 N/mm?).

c1 hef h s Ny,
(mm) (mm) (mm) (mm) (kN)
100 91 130 300 73.96
100 91 130 250 67.98
100 91 130 200 64.51
100 91 130 150 59.34
100 91 180 250 75.09
100 106 130 300 79.08
100 106 130 250 73.45
100 106 130 200 73.19
100 106 130 150 68.21
100 106 180 250 87.29
200 106 130 250 87.72
100 120 130 300 86.79
100 120 130 250 80.20
100 120 130 200 78.46
100 120 130 150 76.13
100 120 180 300 107.42
100 120 180 250 98.72

Table A2. Numerical results—Series 1 (f, = 20 N/mm?).

c1 h, h s . dy N, Nu/Ny R,
(mm) () (mm) (mm) Steel Decking (mm) (kN) i
100 91 130 250 Ribdeck S60 15 50.73 0.75
100 91 130 250 Ribdeck S60 30 53.27 0.78
100 91 130 250 Ribdeck S60 45 57.82 0.85
100 91 130 250 Ribdeck S60 60 55.68 0.82
100 91 130 250 Ribdeck S60 100 59.30 0.87
100 91 180 250 Ribdeck S60 15 62.39 0.83
100 91 180 250 Ribdeck S60 30 64.20 0.86
100 91 180 250 Ribdeck S60 45 64.20 0.86
100 91 180 250 Ribdeck S60 60 66.77 0.89
100 91 180 250 Ribdeck S60 100 69.09 0.92
100 91 130 250 Superib 15 4417 0.65
100 91 130 250 Superib 30 52.29 0.77
100 91 130 250 Superib 45 57.73 0.85
100 91 130 250 Superib 60 56.23 0.83
100 91 130 250 Superib 100 59.62 0.88
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Table A2. Cont.

c1 h h s . dy Ny N,/N,
(mm) (mn) (mm) (mm) Steel Decking (mm) (kN) N
100 106 130 250 Ribdeck S60 15 53.05 0.72
100 106 130 250 Ribdeck S60 30 69.56 0.95
100 106 130 250 Ribdeck S60 45 66.95 0.91
100 106 130 250 Ribdeck S60 60 64.42 0.88
100 106 130 250 Ribdeck S60 100 65.69 0.89
100 106 180 250 Ribdeck S60 15 69.18 0.79
100 106 180 250 Ribdeck S60 30 70.99 0.81
100 106 180 250 Ribdeck S60 45 72.95 0.84
100 106 180 250 Ribdeck S60 60 74.54 0.85
100 106 180 250 Ribdeck S60 100 79.08 091
200 106 130 250 Ribdeck S60 15 64.45 0.73
200 106 130 250 Ribdeck S60 30 75.31 0.86
200 106 130 250 Ribdeck S60 45 75.00 0.86
200 106 130 250 Ribdeck S60 60 73.32 0.84
200 106 130 250 Ribdeck S60 100 76.22 0.87
100 106 130 250 Superib 15 4349 0.59
100 106 130 250 Superib 30 65.19 0.89
100 106 130 250 Superib 45 70.03 0.95
100 106 130 250 Superib 60 67.09 091
100 106 130 250 Superib 100 64.06 0.87
100 120 130 250 Ribdeck S60 15 68.84 0.86
100 120 130 250 Ribdeck S60 30 76.49 0.95
100 120 130 250 Ribdeck S60 45 77.25 0.96
100 120 130 250 Ribdeck S60 60 73.16 0.91
100 120 130 250 Ribdeck S60 100 70.51 0.88
100 120 180 250 Ribdeck S60 15 79.04 0.80
100 120 180 250 Ribdeck S60 30 80.76 0.82
100 120 180 250 Ribdeck S60 45 81.07 0.82
100 120 180 250 Ribdeck S60 60 87.41 0.89
100 120 180 250 Ribdeck S60 100 87.41 0.89
100 120 130 250 Superib 15 44.56 0.56
100 120 130 250 Superib 30 59.64 0.74
100 120 130 250 Superib 45 71.92 0.90
100 120 130 250 Superib 60 81.22 1.01
100 120 130 250 Superib 100 69.58 0.87
Table A3. Numerical results—Series 2 (f. = 20 N/mm?).
a he h s . dw Ny Nu/Ny, re
(mm) (mim) (mm) (mm) Steel Decking (mm) (kN) Ny
100 91 130 250 Ribdeck S60 15 46.46 0.68
100 91 130 250 Ribdeck S60 30 55.90 0.82
100 91 130 250 Ribdeck S60 45 55.44 0.82
100 91 130 250 Ribdeck S60 60 58.73 0.86
100 91 130 250 Ribdeck S60 100 60.41 0.89
100 106 130 250 Ribdeck S60 15 42.41 0.58
100 106 130 250 Ribdeck S60 30 64.61 0.88
100 106 130 250 Ribdeck S60 45 70.03 0.95
100 106 130 250 Ribdeck S60 60 66.63 0.91
100 106 130 250 Ribdeck S60 100 65.05 0.89
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Table A3. Cont.

c1 hef h S . dw Ny Nu/Nu,Ref
(mm) (mm) (mm) (mm) Steel Decking (mm) (kN) (kN)
100 120 130 250 Ribdeck S60 15 42.46 0.53
100 120 130 250 Ribdeck S60 30 67.77 0.85
100 120 130 250 Ribdeck S60 45 77.02 0.96
100 120 130 250 Ribdeck S60 60 73.55 0.92
100 120 130 250 Ribdeck S60 100 74.35 0.93
Table A4. Numerical results—Series 3 (f. = 20 N/mm?).
c1 hef h s . . . N, Nu/Nu,Ref
(mm) (mm) (mm) (mm) Steel Decking Configuration (kN) (N)
100 91 130 250 Ribdeck S60 Asymmetric 43.06 0.63
100 91 130 250 Ribdeck S60 Symmetric 41.14 0.61
100 91 130 300 Ribdeck S60 Asymmetric 4431 0.60
100 91 130 300 Ribdeck S60 Symmetric 46.30 0.63
100 91 130 150 Superib Asymmetric 50.38 0.85
100 91 130 150 Superib Symmetric 51.35 0.87
100 91 130 200 Superib Symmetric 52.56 0.81
100 106 130 250 Ribdeck S60 Asymmetric 41.66 0.57
100 106 130 250 Ribdeck S60 Symmetric 42.82 0.58
100 106 130 300 Ribdeck S60 Asymmetric 39.38 0.50
100 106 130 300 Ribdeck S60 Symmetric 48.60 0.61
100 106 130 150 Superib Asymmetric 53.19 0.78
100 106 130 150 Superib Symmetric 56.18 0.82
100 106 130 200 Superib Symmetric 59.39 0.81
100 120 130 250 Ribdeck S60 Asymmetric 43.30 0.54
100 120 130 250 Ribdeck S60 Symmetric 44.00 0.55
100 120 130 300 Ribdeck S60 Asymmetric 37.34 0.43
100 120 130 300 Ribdeck S60 Symmetric 46.50 0.54
100 120 130 150 Superib Asymmetric 53.32 0.70
100 120 130 150 Superib Symmetric 61.21 0.80
100 120 130 200 Superib Symmetric 63.39 0.81
100 120 180 250 Ribdeck S60 Asymmetric 74.64 0.76
100 120 180 250 Ribdeck S60 Symmetric 74.92 0.76
100 120 180 300 Ribdeck S60 Asymmetric 77.87 0.72
100 120 180 300 Ribdeck S60 Symmetric 83.49 0.78
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