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Abstract: Concrete splitting failure due to tension load can occur when fastening systems are located
close to an edge or corner of a concrete member, especially in thin members. This failure mode has
not been extensively investigated for anchor channels. Given the current trend in the construction
industry towards more slender concrete members, this failure mode will become more and more
relevant. In addition, significantly different design rules in the United States and Europe indicate
the need for harmonization between codes. Therefore, an extensive numerical parametric study was
carried out to evaluate the influence of member thickness, edge distance, and anchor spacing on
the capacity of anchor channels in uncracked and unreinforced concrete members. One of the main
findings was that the characteristic edge distance depends on the member thickness and can be larger
than 3, (h,r = embedment depth) for thin members. Based on the numerical and experimental test
results, modifications of the design recommendations for the splitting failure mode are proposed.
Overall, the authors recommend performing the splitting verification separately from the concrete
breakout to design anchor channels in thin members more accurately.

Keywords: anchor channels; tension load; concrete splitting failure; modified design provisions; thin

members; shallow embedment

1. Introduction

Concrete splitting failure due to tension load can be decisive when installing a fas-
tening system close to an edge or corner, especially in relatively thin concrete members.
In recent years, concrete elements have become thinner and lighter, leading to design
challenges and creating a need for shallow embedment fastening systems. The curtain wall
application is a typical example in which brackets are attached via elements such as anchor
channels under geometric configurations that are prone to concrete splitting failure.

The main objective of this paper is to study the behaviour of anchor channels subjected
to tension close to an edge. Experimental tests and an extensive numerical parametric
study were carried out to evaluate the influence of member thickness, edge distance, and
anchor spacing on the capacity of anchor channels in uncracked and unreinforced concrete
members. Possible improvements for the current design model for concrete splitting
are proposed and the conclusions are discussed in detail. Another challenge arises from
the different design rules for concrete splitting failure in the US (ACI 318 [1] with the
amendment of AC 232 [2] for anchor channels) and Europe (EN 1992-4 [3]). A base for the
harmonization of the codes in the US and Europe is also provided in this paper.

Asmus and Hiier [4-6] already investigated the splitting failure for different types of
fastening systems. Asmus [4] extensively investigated headed studs, undercut anchors,
and expansion anchors near an edge or corner of a concrete member or in a narrow element.
He proposed different calculation methods depending on the load transfer mechanism,
but his first proposal was less suitable for design purposes due to its high complexity.

CivilEng 2021, 2, 502-522. https:/ /doi.org/10.3390/ civileng2020028

https://www.mdpi.com/journal/civileng


https://www.mdpi.com/journal/civileng
https://www.mdpi.com
https://orcid.org/0000-0001-7220-2697
https://doi.org/10.3390/civileng2020028
https://doi.org/10.3390/civileng2020028
https://doi.org/10.3390/civileng2020028
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/civileng2020028
https://www.mdpi.com/journal/civileng
https://www.mdpi.com/article/10.3390/civileng2020028?type=check_update&version=2

CivilEng 2021, 2

503

Therefore, Asmus [5] later proposed a simplified model valid for different types of typical
anchor systems based on the well-known concrete capacity (CC) method [7]. The main
feature of his proposal is a product-dependent factor kj, which takes into account the effect
of the load transfer mechanism or of the load bearing area, depending on the fastening
system. This factor should be obtained through unconfined tension tests in the corner of a
concrete member.

Hiier [6] focused his research mainly on bonded anchors and proposed a design
method based on the experimental and numerical results for two possible setups, i.e.,
confined and unconfined. For unconfined tests, the reaction support of the test rig was
located at a distance of at least twice the embedment depth from the anchor, which ensures
an unrestricted concrete cone formation. For confined tests, concrete breakout failure
was suppressed by introducing the reaction forces into the concrete close to the anchor.
In this case, steel failure of the anchor, anchor pull-out, or failure due to formation of
splitting cracks in the concrete may occur. It was shown that the maximum load obtained
from the confined setup is generally (significantly) greater than that from the unconfined
setup, especially when the member thickness is limited. Bending stresses induced by
the unconfined setup lead to bending stresses and cracks in the concrete member which,
consequently, leads to a decrease in capacity. Therefore, it was concluded that cases
where qualification tests for concrete splitting failure were performed under unconfined
conditions do not provide reliable information on the actual “global” splitting resistant.
Moreover, in thin members, the concrete breakout capacity could be additionally affected
by the bending stresses introduced by external loads on the fastening elements.

Furthermore, the work of Nilforoush [8] should be mentioned, although he investi-
gated fasteners without the influence of edge distance. Among others, the most relevant
topic for this investigation is the influence of member thickness on the concrete breakout
capacity for cast-in headed studs. With increasing member thickness and consequent
increased global bending stiffness of the slab, the concrete bending/splitting failure tran-
sitions to concrete breakout. This increase in member thickness prevents cracks from
bending/splitting, but promotes circumferential cone-shaped cracks. Based on the numeri-
cal and experimental results, a modification factor was proposed to take into account the
influence of member thickness on the concrete breakout failure. Since the behaviour of
headed studs and anchor channels under tension is very similar, this contribution also
needs to be considered.

Only a few investigations have been performed for anchor channels with respect to
shallow embedment depths, both under tension [9] and shear load [10]. Regarding the
tension load, a modification of the factor a,  in the current design provisions has been
proposed by Grosser et al. [9], which allows an accurate design even for very shallow
embedded anchor channels.

2. Design Provisions for the Concrete Splitting Failure Due to Loading

Currently, the design rules for concrete splitting failure of anchor channels differ
significantly between Europe (EN 1992-4 [3]) and the United States (ACI 318 [1] with the
amendment of AC 232 [2] for anchor channels). In the United States, the verification of
concrete splitting failure is included in the concrete breakout verification by means of an
additional factor:

Ca,min Ccr,N .
‘ch,N = max ; if Camin < Cac , (1)
Cac Cac

where ¢, represents the edge distance required to develop full concrete capacity in absence
of anchor reinforcement and c., y is the characteristic (critical) edge distance for concrete
breakout failure. It should be noted that the influence of member thickness is not taken
into account.

On the other hand, even if still based on the basic concrete breakout capacity and a
similar equation, concrete splitting failure is treated as a distinct failure mode in Europe.
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According to EN 1992-4 [3], the characteristic resistance of an anchor channel in the case of
concrete splitting failure shall be calculated according to the following equation:

0
NRk,sp = NRk"Fch,s,N"Fch,c,N'\Pch,e,N'\Pre,N'Th,sp ’ (2)

where the factor Ng; is the minimum of basic characteristic concrete breakout resistance
and characteristic pull-out resistance:

NR = min (Nyc, Niep ) - ©3)

The basic characteristic concrete breakout resistance contains the modification factor
.y, N, which takes into account the negative effect of the channel profile on the capacity as
a function of the embedment depth. However, this applies to standard anchor channels,
ie., hep/hep < 0.4 and/or by, /her < 0.7, where hg, and by, are the channel height and width,
respectively. For anchor channels not falling in these intervals, a modification factor of
1.0 and a hypothetical embedment depth hyf* = her — he, must be conservatively assumed
according to EN 1992-4 [3]. According to AC 232 [2], qualification tests may be alternatively
carried out. Modification factors ¥, s N, Yeie N/ Yenen, and ¥y vy in Equation (1) should
be calculated according to the provisions for concrete breakout failure. However, the
characteristic edge distance c.,y and spacing s,y shall be replaced by ccsp and scr,sp,
respectively. The influence of edge distance should therefore be calculated according to the
following equation:

c \1/2
Yoo = () <10, @
Cer,sp

The characteristic edge distance in the case of splitting under load c.rsp is given in
relevant ETA, whereas the characteristic spacing s¢;sp is defined as twice the value of
the characteristic edge distance for splitting. Although for most fastening systems the
characteristic edge distance for splitting ccr,sp should be derived from qualification tests,
this is not the case for anchor channels. Instead, this value should be taken as 3hef, ie.,
no tests are required [2,11]. An additional factor ¥}, takes into account the influence of
member thickness and is computed as follows:

B\ hef + cern \ >
‘Ph,sp = <hmm> S max 1} <hmm> S 2.0 , (5)

where £ is the actual member thickness, &, stands for the effective embedment depth and
Ny corresponds to the minimum slab thickness allowable by the manufacturer (generally
close to the value of i, [2]). At the upper limit of 2.0 for ¥}, 5, a characteristic member
thickness of 2.83,,;,, can be calculated. Moreover, no verification is required if (according
to EN 1992-4 [3]):

e The edge distance in all directions is ¢ > 1.2¢y,sp, and the member thickness is i > h,,,;,,
with h,,;, corresponding to ccy,sp.

e  The characteristic resistances for concrete breakout failure and pull out failure are
calculated for cracked concrete and reinforcement resists the splitting forces and limits
the crack width to wy < 0.3 mm.

Asmus [5] and Hiier [6] proposed equations for the basic splitting load that are sig-
nificantly different from the equation for the basic concrete breakout resistance. Since the
design model for splitting according to EN 1992-4 is based on concrete breakout, a direct
comparison with the design models for splitting introduced by Asmus [5] and Hiier [6] is
beyond the scope of this paper. However, the modification factor for the influence of the
member thickness can be compared directly. An overview of the characteristic member
thicknesses and modification factors from the literature is given in Table 1 and further
investigated in the numerical parametric study. In general, the influence of the member
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thickness is considered with different exponents, varying between 0.25 [8] and 0.5 [5],
as well as different approaches for the characteristic member thickness. Asmus [5] and
Hiier [6] proposed similar approaches where the ratio Ac,s,/A’sp predicts that the failure
load is proportional to the projected area and thus directly proportional to the thickness
of the concrete member. However, it was found that the splitting failure load is less than
directly proportional to the factor AC,SP/AOC,SP, and therefore additional factors were intro-
duced. According to Nilforoush [8], a characteristic member thickness of approximately
4.15 can be calculated from the upper limit of the modification factor. Even though the
considered failure modes are partly different, this appears to be considerably larger than
the value provided in [6] or in EN 1992-4 for the splitting failure.

Table 1. Comparison between modification factors for the influence of member thickness that can be found in the

literature [5,6,8].

Author Characteristic Member Thickness Modification Factor
1/2 1/2 1/2
Asmus Bersp = g 150 ae () =nt ()= (i
Hi h = 225]/1 Ac,cb . hcr,z‘h 2/3 _ _h . hcv,cb 2/3 — h 1/3
uer cr,cb e’f AV < h - h(r cb “ho - hcr cb
o \ 0.25 '
Nilforoush 4.15h,¢ 1 (21?7 T <12

1 Not provided explicitly, calculated from a limit of 1.2.

3. FE Models and Experimental Validation

The numerical simulations were performed using a 3D nonlinear finite element code
(FE). The code is based on the microplane constitutive law for concrete with relaxed kine-
matic constraint, which means that the microplane strains are assumed to be projections of
the macroscopic strain tensor [12]. The macroscopic response is determined by monitoring
stresses and strains in different predefined directions. The analysis is performed in the
framework of the smeared crack approach, which requires a regularization technique to pre-
vent mesh-dependent results. One of the simplest techniques, the crack band method [13],
was used. This method, despite its drawbacks [14,15], has been successfully used in a
number of 3D numerical studies [8,16]. The commercial program FEMAP [17] was used
for model preparation and evaluation of numerical results.

3.1. Validation of the Numerical Model

As this study is a part of the project aiming to propose a design model for anchor
channels in composite slabs, the experimental program was intended to validate the
numerical model for both plain and composite slabs. Therefore, 4 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 /1 = 130 mm. Anchor channels 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 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 and the arrangement of the reinforcement is shown
in Figure 1a. Note that Figure 1a also shows the anchor channels that were tested in shear,
which are discussed in [16]. A large amount of reinforcement was placed at a distance of
2h,s from the anchors to ensure that it is outside of the expected concrete breakout body.
The reinforcement not only prevents the whole slab from splitting but guarantees that the
test results are not affected by concrete cracks after the previous tests.
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Figure 1. (a) Reinforcement arrangement—?2 tension and 2 shear tests per slab; (b) Experimental setup.

A medium size anchor channel (HAC-60 profile provided by the company Hilti [18])
equipped with two anchors was used in all experiments and installed at an edge distance
c1 = 100 mm, which is a common distance in curtain wall applications. The selected anchor
spacing was s = 200 mm, but the original anchors were replaced with shorter anchors of the
same diameter to reduce the embedment depth (f,f) from 148 mm to 106 mm which allows
for installation in thin slabs. The tests were carried out in accordance with the EAD [11]
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 M20x80 8.8F) inserted directly over the anchors, as shown in
Figure 1b. All the slabs were made of the same batch of a low strength concrete (Table 2).
Crushed (edged) aggregate with a maximum size of 16 mm was used. The measured
concrete properties were: f. = 34.61 N/mm? (f. = 27.69 N/mm?) measured on 5 cubes
(150 x 150 x 150) with CoV =3.90%, f; =2.39 N/ mm? measured on 3 cylinders (300 x 150)
with CoV =2.56% and G = 55 J/m? measured on 6 prismatic specimens (100 x 100 x 400)
with CoV = 4.82%. For more on the evaluation of macroscopic material parameters, see [16].

Table 2. Concrete mix design.

CEM II/B-M (S-LL) 42.5 N Aggregate (Dmax = 16 mm) Water
Strength Class [kg/m’] [kg/m3] [kg/m3]
C16/20 290 1870 208 (w/c=0.72)

The numerical model was discretized using four-node and eight-node solid finite
elements, as illustrated in Figure 2a. The finite element size was set to about 10 mm in the
fracture process zone and gradually increased towards the edges. The contact between
concrete and steel was modeled using 1D linear contact elements which can take up only
compressive forces and in-plane shear forces (friction). The cross-sectional area of these
elements is calculated from the surface of the 3D concrete elements that are connected to
the corresponding node of the contact element. The concrete and steel surfaces which are
in contact must have the same discretization. Note that the axial (compressive) stiffness of
interface elements should be sufficiently high. However, the stiffness should not be too high
in order to prevent numerical problems. To minimize errors and to assure convergence, it
is important that the stiffness matrix is updated after each iteration [19]. Anchor channels
mainly transfer applied tension loads to the base material through mechanical interlock.
Thus, the friction coefficient was set to 0.3 because its influence will be minimal. Steel parts
were modeled as linear elastic with a Young’s modulus E = 210 GPa and Poisson’s ratio
vs =0.33.
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(a)

x direction

F/2 \

y direction

g

(b)

Figure 2. (a) FE discretization: 1—concrete slab, 2—anchor, 3—channel, 4—T-bolt with nut, 5—steel plate, 6—anchor

interface, 7—channel interface, 8—T-bolt interface, 9—teflon sheet; (b) FE model and boundary conditions.

The geometry and boundary conditions were taken from the corresponding exper-
iments. The reinforcement was modeled using linear elastic solid finite elements and
assuming a perfect bond with concrete. Double symmetry was utilized to reduce the
computational cost (Figure 2b). Experimentally obtained macroscopic concrete parameters
were taken in the simulations. As the Young’s modulus and Poisson’s ratio were not
experimentally investigated, they were estimated according to CEB-FIP Model Code 90 [20]
as E = 29,862 MPa and v, = 0.18. The load was applied incrementally with a displacement
rate of 0.03 mm per load increment.

Table 3 shows a comparison between the experimentally obtained mean ultimate
loads N, ;; and simulation results. The very small discrepancies (less than 6%) indicate
that the numerical model is able to realistically predict the ultimate load. Moreover, the
experimentally and numerically obtained crack patterns also have comparable shapes, as
shown in Figure 3, both for the plain concrete slab and composite slab. The finite elements
colored in red correspond to a crack width of approximately 0.1 mm or larger.

Table 3. Comparison between experimental and numerical results—4 tests were performed for each configuration.

1 hef h Nu,m o CoV Nu,sim Nu,sim/Nu,m
Slab Type [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

To further demonstrate the predictive ability of the numerical model, additional
experiments were simulated, which are explained in detail in Section 6. The concrete
mix presented in Table 2 was used and the obtained mean concrete compressive strength
measured on 4 cores was f;core = 29.14 N/ mm? (fo = 2454 N/ mm?) with CoV = 6.04.
The concrete compressive strength was slightly lower due to the shorter time between
casting and testing. Anchor channels equipped with short anchors were simulated in plain
concrete slabs with different thicknesses. As shown in Table 4, the numerical model is quite
accurate in terms of peak loads, although the result for very thin members ( = 70 mm) is
overestimated by 9%. This can be attributed to the large scatter in the experimental results,
which is not surprising for such a shallow embedment depth and member thickness [10].
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Bending cracks

Steel decking

(a) (b)
Figure 3. Comparison between experimental and numerical breakout patterns for: (a) plain concrete slab; (b) composite slab.

Table 4. Comparison between experimental and numerical results—plain concrete slabs.

1 hef h Num n o CoV Ny sim Ny sim!/Num
[mm] [mm] [mm] [kN] [-] [kN] [%] [kN] [-]
100 65 70 28.89 4 4.10 14.20 31.46 1.09
100 65 130 45.72 2 1.97 4.31 45.16 0.99

Numerically and experimentally obtained load-displacement curves are plotted in
Figure 4. The numerical results replicate the experimental results reasonably well, al-
though a slightly stiffer response can be observed. This effect is already known in the
literature [21] and was explained by the nonlocal effects, e.g., local crushing of concrete
around the anchor head, that cannot be properly accounted for in macroscopic analyses.
However, this discrepancy is not of great importance to the outcome of the investigation.
In general, the behavior of anchor channels in thin slabs is strongly influenced by bending.
A significant change in stiffness can be observed on the load-displacement curves. This
change corresponds to the formation of bending cracks prior to the ultimate load at the
positions indicated in Figure 3a. It occurs when the load introduced by the anchor exceeds
the bending capacity of the slab.
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Load N,[-]
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30
40
25 ﬁ\
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(a) (b)

Figure 4. Comparison between experimental and numerical LD curves obtained for: (a) member thickness i = 70 mm;
(b) member thickness h = 130 mm.

3.2. Definition of the Support and Boundary Conditions

In the numerical parametric study, a slightly different FE model was used, i.e., the
boundary conditions were defined so that the model replicates a typical slab for a real-
word application, which has significantly larger dimensions than the experimental samples.
The edges of the slab were fixed at a certain distance from the anchor (Figure 5a). Since
bending has a significant effect on the results, the distance between the anchor and the
vertical support might affect the behavior and results. However, as shown in Figure 5b for
two embedment depths, the influence of support spans is not pronounced for distances
2—4 times the embedment depth. For larger values, the bending capacity of the slab is
reached before anchorage failure, whereas for smaller values, the formation of the full
breakout body is restricted. Double symmetry was utilized for the in-field simulations.

1.75 - :
Plain concrete slabs
¢;=100 mm

1.50
£1.25
£1.00

€

= il ’
\20.75 88 081
= | !

0.50 - —@—he =106 mm; h =130 mm

—-heg =60 mm; h =90 mm

1.00 2.00 300  4.00 5.00
Support span / A [-]

(a) (b)

Figure 5. (a) FE model used in the numerical parametric study; (b) Influence of support span.
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4. Numerical Parametric Study

The main parameters considered in the parametric study were the member thickness,
edge distance and anchor spacing. The simulation program was therefore divided into
three parts, each focusing on one of these parameters. In all simulations, a medium size
anchor channel that is commonly specified for curtain wall applications is used, namely
the Hilti HAC-50. This channel has nearly identical geometry to the HAC-60 (further
details can be found in [18]). It is equipped with two anchors in the model with varying
embedment depths and anchor spacings for the different configurations.

The first part of the program is the one related to the influence of the member thickness.
Anchor channels with four embedment depths ranging from f,s = 60 mm to her = 175 mm
were investigated in plain concrete slabs with different thicknesses. The anchor spacing
s = 250 mm was kept constant and in the vast majority of simulations the anchor channel
was installed at the edge distance c; = 100 mm, which is a common distance in curtain wall
applications. To understand the cross correlation with the edge distance, the influence of
member thickness was investigated at an additional edge distance ¢; = 200 mm and embed-
ment depth /i,r = 100 mm. Table 5 shows the summary of all the performed simulations.

Table 5. Simulation program—influence of member thickness.

1 hef h/hef
[mm] [mm] [-]
100 100, 120, 175 1.10
100 60, 100, 120, 175 1.25
100 60, 100, 120, 175 1.50
100 60, 100, 120, 175 1.75
100 60, 100, 120, 175 2.00
100 60, 100 2.50
100 60 3.00
200 100 1.10-2.50

In the second part of the program, the influence of edge distance was investigated
for three embedment depths her = 60, 100 and 175 mm (see Table 6), at a constant anchor
spacing of s = 250 mm. For each embedment depth, two or three different slab thicknesses
and several different ratios of edge distance to effective embedment depth c;/h, were
simulated. As a reference, in-field simulations without the influence of an edge were also
performed.

Table 6. Simulation program—influence of edge distance.

C1/ hef hef h

[-] [mm] [mm]
1.00, 1.67, 2.50, 3.00, 4.00, 6.00, in-field 60 75
1.00, 1.67, 2.50, 3.00, 4.00, in-field 60 130
0.50, 1.00, 1.50, 2.00, 3.00, in-field 100 125
0.50, 1.00, 1.50, 2.00, in-field 100 150
0.50, 1.00, 1.50, 2.00, 3.00, in-field 100 200
0.50, 2.00, in-field 175 193
0.50, 1.50, in-field 175 350

Regarding the third part of the simulation program, the anchor spacing varied from
s = 100 mm to s = 300 mm, considering different embedment depths. However, for the
smallest embedment depth, the anchor spacing was increased to s = 840 mm, which is
much larger than the maximum allowable spacing for common anchor channel systems.
This large spacing is simulated to get a clear picture of the characteristic spacing and its
behavior as a function of member thickness. A summary of the third part of the simulation
program is given in Table 7.
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Table 7. Simulation program—influence of anchor spacing.

S c1 hef h
[mm] [mm] [mm] [mm]

150, 200, 250, 300 100 91 130

150, 200, 250, 300 100 106 130

150, 200, 250, 300 100 120 130

100, 200, 250, 300, 500, 720, 840 100 60 75
100, 200, 250, 300, 500 100 60 130
100, 200, 250, 300 100 100 125

100, 200, 250, 300 100 100 200

100, 200, 250, 300 200 100 125

In the numerical parametric study, the uniaxial cylinder compressive strength
fo = 20 N/mm? was selected, whereas other macroscopic properties of concrete were
defined in accordance with the CEB FIP Model Code 90 [20]: uniaxial tensile strength
fi =157 N/mm?, fracture energy Gr =50 J/m?, Young’s modulus E. = 27,100 N/mm?, and
Poisson’s ratio v, = 0.18. Since this research is focused on the concrete failure modes, steel
was assumed to be linear elastic, with the same parameters as introduced in Section 3.1.
The influence of slab or hanger reinforcement was not studied in detail in this research.

5. Numerical Results and Evaluation
5.1. Influence of Member Thickness

The numerical results shown in Figure 6a for the edge distance c; = 100 mm indicate
that as the relative member thickness /1/h. decreases, the concrete tensile capacity also
decreases. Loads introduced to concrete members by fasteners can cause larger bending
stresses in thin concrete members. This generally affects the concrete splitting resistance
and load-bearing behavior. Conversely, the larger the embedment depth, the smaller the
characteristic value of the ratio 11/h at which the influence of member thickness is not
relevant anymore. This observation would be in contrast with the Hiier’s finding that the
characteristic member thickness should be h;q, = 2.25h, [6]. A possible reason for this
difference could be the limited number of investigated configurations in his work. The
current factor ¥y, 5 = ( h/hef)z/ 3 (Equation (5)) of EN 1992-4 is also represented in Figure 6a
with the dashed curves. It could be observed that the factor provides a reasonable estimate
for the influence of the member thickness. Note that, in Figure 6a, the ratio 1/ hef (and not
h/hwin) has been selected as the parameter for the horizontal axis. Since h,y is a physical
dimension and is not selected arbitrarily by the manufacturer similar to #,,;,, it more
convenient for comparison purposes.
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Figure 6. Influence of member thickness: (a) relative capacities for different embedment depths; (b) relative capacities

compared to the existing design models in the literature.

The numerical results for the edge distances ¢y = 100 mm and c¢; = 200 mm are shown in
Figure 6b (only for ;s = 100 mm). The capacities without the influence of member thickness
were obtained for similar h1/h ratios for both investigated edge distances. Moreover,
the dashed lines in Figure 6b also show a comparison with the modification factors from
the literature [5,6,8] that are introduced in Table 1. In all the available design proposals,
the exponent related to the ratio i/h,r and the characteristic member thickness indicates
the dependence of the ultimate capacity on the slab thickness. The range in which the
influence of member thickness becomes relevant is relatively narrow (1.0 < h/hy < 2.0)
and the choice of the appropriate exponent is not of the utmost importance. The choice of
the characteristic member thickness appears to be more relevant. While the exponent of
0.5 proposed by Asmus [5] seems to provide a good shape for the modification factor, the
characteristic member thickness (see Table 1) seems to be too large (especially for the larger
edge distances). This leads to relative capacities that differ greatly from the numerical
results. In contrast, Hiier [6] proposes an exponent of 1/3 and Nilforoush [8] introduces an
exponent of 0.25 for the in-field installation. These two proposed exponents are slightly
smaller than the exponents obtained by fitting the numerical results (0.42 and 0.45—Dblack
lines), but they seem to provide a better estimate due to the smaller characteristic thickness.

To conclude, the influence of the member thickness varied between several authors,
but the reason for this discrepancy could possibly lie in the range of the h/hy ratios
investigated and the boundary conditions selected. In general, as mentioned above, the
current modification factor of EN 1992-4 is sufficiently accurate and its exponent, which is
the largest of all the exponents considered, ensures that the member thickness will have a
strong influence on the results.

5.2. Influence of Edge Distance

While the influence of edge distance has been extensively studied for the concrete
breakout failure mode, experimental and numerical investigations are lacking for concrete
splitting. Currently, the characteristic edge distance is set to 3h, in both the USA and
Europe. However, the numerical results showed that this distance can be larger than the
value recommended in the code for cases with thin members. As an example, it can be
observed in Figure 7a, that for the embedment depth ;s = 100 mm and member thickness
h =125 mm, only 80% of the in-field value was obtained for the edge distance of 3h..
Figure 7a also shows curves representing the expected reduction in concrete capacity from
calculations performed according to EN 1992-4 and AC232. Comparing the curves, we see
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that the reduction in capacity due to decreases in the relative edge c1/h,yis less pronounced
in the simulations than the current code provisions. In other words, the simulations show
larger capacities than those calculated for small edge distances and smaller capacities for
larger edge distances.

1 s
hy;= 100 mm; h =125 mm 0 [ ]
10 ot e mle o
° 0.8 -
2 08 - =
2 2 06 - Wep o= 0.52 + 0.08(cy/h,)
;;‘g_ 06 g
= 04 | ® Simulations _Zj 04 1
s == el copadly = ® Simulations
02 | ——EN 1992-4 Concrete breakout 02 - -
' ——EN 1992-4 Splitting ——EN 1902-4 Splitting
00 . ._AC 2|32 Splitting | | - | | | _‘PFODO‘SEFW[‘:!:.E,SP |
025 075 125 175 225 275 325 00 10 20 30 40 50 60 70
Ratio c/hy¢[-] Ratio ¢/hy[-]
(a) (b)

Figure 7. Influence of edge distance: (a) numerical results compared to the current code provisions; (b) numerical results
for different embedment depths and small h/hef ratios described by a linear function.

Considering all of the simulation results for small h1/h ratios, it was found that
the influence of the edge distance can be well approximated by a linear function of the
relative edge distance c;/h, (Figure 7b). This linear function becomes equal to one for
c1 = 6h,, which is twice the value of the current characteristic edge distance in the code.
The function does not reduce to zero for the theoretical edge distance ¢; equal to zero. This
is considered acceptable because very small edge distances (c; <40 mm) are excluded due
to the qualification procedure and the concrete breakout verification becomes decisive as
the edge distance decreases.

5.3. Influence of Anchor Spacing

Similar to the influence of edge distance, the numerical results for thin members
showed that the characteristic anchor spacing s.;sy should be larger than the current value
of EN 1992-4 which is currently defined as the double of the characteristic edge distance
(Scrsp = 2¢ersp). As shown in Figure 8a for the member thickness & = 75 mm, the influence
of anchor spacing was not relevant for s/c; ratios greater than 12, i.e., the results for
s = 12h, and s = 14h,s are almost at the same level. Moreover, the results obtained for
member thickness & = 125 mm in Figure 8b (green and orange data points) showed that the
curve representing the influence of the anchor spacing on splitting, according to EN 1992-4,
should have a smaller inclination. Knowing that the minimum value of the factor ¥, ;  is
0.5 for a theoretical anchor spacing equal to zero, such an inclination can be achieved only
by increasing the characteristic anchor spacing. Therefore, it is proposed to increase the
characteristic anchor spacing scrsp = 2¢crsp = 12hef, which is consistent with the definition
of EN 1992-4 and with the proposal for the characteristic edge distance. The expected
Nu/N,,rf ratios are reported with the dashed curves in Figure 8a,b. A further increase in
the slab thickness to & = 200 mm (black points in Figure 8b) leads to conditions in which
the splitting failure is no longer decisive and the concrete breakout equation (EN 1992-4) is
able to correctly estimate the obtained failure loads.
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Figure 8. Influence of anchor spacing-numerical results compared to the current code provisions for: (a) shallow embedment

depth—s,, v is calculated for actual hf; (b) typical embedment depth.

5.4. Modifications of the Current Design Model for Concrete Splitting of EN 1992-4

To summarize, it is recommended to improve the splitting verification of the current
model of EN 1992-4 (Equation (2)) with the following modifications.

In the modification factor to account for the influence of the member thickness, the
hyin should be replaced by h:

2/3 2/3
h hef + Cer, N
leh,sp = (hef> < max{l; (hmm ) } <20.

The embedment depth, being a physical quantity, is a more convenient choice, and is
not dependent on the manufacturer’s preference.

For the influence of edge distance, the existing exponential function (Equation (4))
should be replaced by a linear function:

(6)

¥open = 052+ 0,081 <1.0.

o )

As mentioned previously, according to this equation the characteristic edge distance is
set to cersp = 6, although this is not explicitly stated. Moreover, according to the obtained
results, the characteristic anchor spacing should also be increased, and in order to be
consistent with the characteristic edge distance, the following value is proposed:

®)

Scrsp = chr,sp = 12hef

To illustrate how this proposal performs for different configurations, an example is
given in Figure 9a for the embedment depth h,s = 100 mm. The numerically obtained points
for the different edge distances and the two thicknesses (h = 125 mm and / = 200 mm) are
compared with the current model for concrete breakout and with the new design proposal
for splitting. As can be seen, the linear function that takes into account the influence of the
edge distance accurately predicts the numerical results, while the modification factor for
the influence of member thickness allows the linear function to move upward. It is worth
noting that the greater the member thickness, the narrower the range in which concrete
splitting is the decisive failure mode.
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Figure 9. (a) Illustration of the principle of the modified design proposal; (b) Numerical results compared to the modified

design proposal as a function of investigated parameters.

These modifications also require an adjustment of the constant pre-factor of the
basic capacity Nz to ensure optimal agreement between the results (numerical and
experimental) and the proposed model for concrete splitting. Therefore, a factor of 1.15
is introduced in Equation (2) to increase the basic capacity and allow the model to be
more predictable:

Nix = 115-min Ny o, Niip) - )

Without this factor, the model predictions, i.e., the calculated concrete splitting resis-
tances, would be on the safe side. A comparison of all numerical results (100 simulations)
with the modified design proposal shows excellent predictability with a mean of 1.09 and a
standard deviation of 6%. It should be noted that the mean value is slightly higher than 1.0
to ensure that for any case the simulation results do not fall short of the predicted values

A comparison of all numerical results (100 simulations) with the modified design
proposal shows excellent predictive ability with a mean of 1.09 and a standard deviation
of 6%. Figure 9b shows all of the simulation results in relation to the three investigated
parameters. The fact that the results do not show any particular trend with respect to the
investigated parameters proves the reliability of the proposed method. The basic concrete
breakout capacity N’y . was considered as the basic characteristic resistance for splitting
NO%g (Equation (3)), because the governing failure mode in all simulations was concrete
breakout. The summary of all numerical results can be found in Appendix A. For the short
anchors (hef = 60 mm), the basic characteristic concrete breakout resistance was calculated
following the proposal of Grosser et al. [9].

6. Experimental Results

Due to the actual trend towards thinner concrete members and to check the validity
of the simulations for thicknesses that were not already investigated in the literature,
anchor channels (Section 3.1) equipped with short anchors (h,s = 65 mm) were tested. This
embedment depth is currently not covered by the code as hy,/her > 0.4 and/or bey /hep > 0.7.
The experimental program was aimed at investigating the influence of member thickness,
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both for anchor channels with and without edge influence, and the influence of edge
distance. The tests were carried out under the same conditions explained in Section 3.1
and the ultimate loads were normalized to the cylinder concrete compressive strength of
fe=20N/ mm?.

The results for anchor channels tested without edge influence are shown in Table 8.
The tests showed an increase in concrete breakout capacity with the increase in slab
thickness. Even though the current design model of EN 1992-4 does not consider the
influence of member thickness, calculating the concrete capacity for shallow embedment
depths still leads to a very conservative estimation of the capacity. Indeed, the calculated
capacity Ny coge is 24.47 kN, which was calculated with the reduced h of 30 mm, is far
below the average failure loads N, ;; between 40.5 kN and 57.4 kN for the slab thicknesses
between 70 mm and 130 mm. In order to calculate the capacity more accurately, the
proposal of Grosser et al. [9] for the a, y can be considered. With this modification, a
capacity Ny, Grosser Of 50.37 kN is obtained, which more accurately predicts the failure loads
of the experiments. In general, since the experimental results show that the influence of the
member thickness cannot be neglected, this should be taken into account in the design.

Table 8. Experimental results—in-field installation; 3 tests were performed for each configuration.

[mm]

Num Nu,m/N, u,m,Ref (h = 130 mm) (4 CoV Ny code N, Grosser (h/ Zhef)o'25
[kN] [-] [kN] [%] [kN] [kN] [—]

70
100
130

40.51 0.71 1.26 2.81 24.27 50.37 0.86
49.71 0.87 1.63 2.96 24.27 50.37 0.94
57.44 1.00 4.69 7.38 24.27 50.37 1.00

Additionally, the expected reductions according to the proposal of Nilforoush [8]
((h/2hy)*) are reported in the last column of Table 8. These reductions vary between 0.86
and 1.00 for the slab thicknesses between 70 and 130 mm and therefore are not sufficient to
properly represent the experimentally obtained reductions Ny, u/Ny, i, rer- The reason why
the proposal of Nilforoush [8] is not capable of predicting the reductions may be attributed
to a larger minimum investigated hi/h. ratio of 1.5, beside the fact that a different fastening
system was investigated (headed studs).

The test results for anchor channels installed close to the edge are summarized in
Table 9. The influence of member thickness was investigated for the same three thicknesses
(h=70,100, 130 mm). Due to a problem with the acquisition system, only 1 and 2 results
are respectively available slab thickness of 1 = 100 mm and / = 130 mm. Considering the
design proposed in Section 5 and calculating the concrete capacity Ny, pyoposar fOr the tested
configurations, the experimental results accurately estimated by the modified design model
for concrete splitting (Figure 10a) with ratios Nu,m/Nu,pmposal between 0.98 and 1.09. In this
case, too, the basic capacity was calculated with the factor a, y according to the proposal
introduced by Grosser et al. [9], and the modification factors proposed in the previous
section are applied.

Table 9. Experimental results—installation near the edge.

[mm]

hef h Num Mtest o CoV N, u,proposal N, u,m/ N, u,proposal
[mm] [mm] [kN] [-] [kN] [%] [kN] [kN]

100
100
100
150
200

65 70 26.08 4 4.10 14.20 25.09 1.04
65 100 31.20 - - 31.82 0.98
65 130 41.27 1.97 431 37.90 1.09
65 100 36.06 2.04 5.10 34.86 1.03
65 100 36.19 3.56 8.89 37.91 0.95

>N =
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Figure 10. Experimental results: (a) influence of member thickness; (b) influence of edge distance.

Two configurations with larger edge distances (c; = 150 and ¢; = 200 mm) were also
tested to check how the edge distance affects the results and further validate the design
proposal for splitting. Also in these cases, the proposed design model was able to accurately
estimate the obtained experimental results, as shown in Figure 10b (with Nu,m/Ny, proposai
ratios between 0.95 and 1.04.). Additionally, it is worth noting that, for the ratio ¢; / hef =3
(c1 =200 mm), the ultimate load was only 73% of the in-field capacity, which shows the
correct formulation of the proposed characteristic edge distance. The breakout patterns for
the in-field and near the edge installations are shown in Figure 11. When installed in-field,
a typical cone-shaped pattern is formed. Simulations also show that before formation of
the cone, bending cracks appear in the slab. On the other hand, installation near the edge
leads to the typical splitting failure, i.e., cracking and separation of the concrete in front of
the channel for the full slab thickness, which is again preceded by bending cracks.

Figure 11. Breakout patterns: (a) in-field installation—#h = 100 mm; (b) installation near the edge—c; = 150 mm.

7. Conclusions

In the present work, anchor channels subjected to tension loads were investigated.
The focus was set on thin concrete members and shallow embedment depths. Due to the
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different design rules in the USA and Europe and the limited number of investigations, the
focus was placed on the splitting failure mode, which is more likely for anchor channels
placed closer to the edge in thin members. Based on the numerical and experimental
results, the following can be concluded:

The 3D FE code employed in the numerical investigation, which is based on the
microplane model for concrete, the smeared crack approach and the crack band
regularization method, was able to replicate the experimentally obtained ultimate
capacities and failure modes. However, the load-bearing behavior in numerical
simulations was stiffer than in experiments resulting in smaller displacements at the
ultimate capacity. The possible reason could be the local crushing of concrete around
the anchor head that cannot be properly accounted for in macroscopic analyses.

The influence of member thickness should be considered in the design model for
concrete splitting. It was found that the existing factor of EN 1992-4 is relatively
accurate at predicting the influence of member thickness. An improvement for the
modification factor to take the slab thickness into account is proposed. The value
hyin (chosen by the manufacturer for qualification testing) should be replaced by the
embedment depth ks (physical dimension) together with a different calibrating factor
of 1.15. The experimental results also showed that the influence of member thickness
is present for anchor channels without edge influence, which is consistent with the
findings of Nilforoush [8] for headed studs, although with slightly different results.
Currently, the characteristic edge distance for splitting is set to Cersp = 3hef. According to
the numerical and experimental results, a larger value is required to attain the capacity
without edge influence, especially when the concrete member is relatively thin. In
addition, it was found that the influence of edge distance can be well approximated
by a linear function that yields to the limit value for c; = 6h,.

The numerical results indicated that the proportion between the characteristic edge
distance and characteristic anchor spacing should be s¢;sp = 2ccr,sp = 12hgf.

The doubling of the critical edge and spacing distances may seem excessive but,
together with the other proposed modifications, results in the splitting failure only
being decisive for small slab thicknesses compared to the concrete breakout failure.
The experimental results showed that the modified design model for splitting is able
to accurately predict the tensile capacity of anchor channels in thin slabs. This is very
important as a basis for future work on the design of anchor channels in composite
slabs, where an additional reduction factor should be applied to account for complex
geometry of the concrete above the metal deck.

In the prospective harmonization of the US and European verifications, the authors
recommend keeping the two verifications for splitting and concrete breakout sep-
arately as per EN 1992-4, accordingly modifying the splitting verification, as this
approach was proven to provide an overall excellent accuracy.

Outlook

The challenges in defining an appropriate design method for anchor channels and,

in general, for all fastening systems in thin concrete members are mainly due to the fact
that the load introduced by the fastening system often causes substantial stresses in the
concrete member. The authors see the need for further research on the following points:

The influence of corners on the capacity of anchor channels in thin members should
be clarified.

The influence of reinforcement should be studied in detail since the presence of
adequate reinforcement is considered to be a condition when the splitting verification
can be omitted.

Further numerical and experimental investigations for anchor channels without edge
influence are required to determine how to consider the influence of member thickness
in the verification for concrete breakout.
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Appendix A
Table A1l. Numerical simulations—influence of member thickness.

c1 hef h s Ny Nu,CB 1 Nu,praposul 2 Nu/Nu,ﬂlecisive 3

[mm] [mm] [mm] [mm] [kN] [kN] [kN] [-1]
100 60 75 250 33.46 40.20 28.47 1.18
100 60 90 250 39.38 40.20 32.15 1.22
100 60 105 250 43.25 40.20 35.63 1.21
100 60 130 250 4591 40.20 41.09 1.14
100 60 150 250 46.29 40.20 42.67 1.15
100 60 180 250 46.16 40.20 42.67 1.15
100 100 110 250 66.39 76.87 59.82 1.11
100 100 125 250 69.39 76.87 65.15 1.07
100 100 150 250 77.51 76.87 73.56 1.05
100 100 175 250 82.40 76.87 81.53 1.07
100 100 200 250 84.09 76.87 89.12 1.09
100 100 250 250 85.26 76.87 93.03 1.11
200 100 110 250 79.71 108.72 67.80 1.18
200 100 125 250 81.87 108.72 73.83 1.11
200 100 150 250 90.93 108.72 83.37 1.09
200 100 175 250 94.40 108.72 92.40 1.02
200 100 200 250 104.47 108.72 101.00 1.03
200 100 250 250 105.80 108.72 105.43 1.00
100 120 130 250 80.20 93.66 76.13 1.05
100 120 150 250 86.72 93.66 83.75 1.04
100 120 180 250 98.72 93.66 94.58 1.05
100 120 210 250 101.96 93.66 104.81 1.09
100 120 240 250 102.00 93.66 114.57 1.09
100 175 193 250 129.21 153.06 129.24 1.00
100 175 220 250 149.80 153.06 141.27 1.06
100 175 260 250 154.79 153.06 15791 1.01
100 175 306 250 158.54 153.06 176.03 1.04
100 175 350 250 157.74 153.06 181.85 1.03

L EN 1992-4—concrete breakout failure (aecn,n according to Grosser et al. [9] for hyr = 60 mm). 2 Modified design proposal for splitting failure
mode. 3 Ny, decisive Tepresents smaller of the two calculated capacities.
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Table A2. Numerical simulations—influence of edge distance.

€1 hef h s Ny Nu,CB 1 Nu,proposul 2 Nu/Nu,decisive 3
[mm] [mm] [mm] [mm] [kN] [kN] [kN] [-1]
60 60 75 250 31.04 31.14 26.15 1.19
100 60 75 250 33.46 40.20 28.47 1.18
150 60 75 250 36.07 47.90 31.38 115
180 60 75 250 38.06 47.90 33.12 1.15
240 60 75 250 44.29 47.90 36.61 1.21
360 60 75 250 47.38 47.90 43.58 1.09
00 60 75 250 49.37 47.90 / 1.03
60 60 130 250 36.85 31.14 37.73 1.18
100 60 130 250 4591 40.20 41.09 1.14
150 60 130 250 50.33 47.90 45.28 1.11
180 60 130 250 50.78 47.90 47.79 1.06
240 60 130 250 52.53 47.90 52.82 1.10
00 60 130 250 53.88 47.90 / 1.12
50 100 125 250 57.55 54.36 60.80 1.06
100 100 125 250 69.39 76.87 65.15 1.07
150 100 125 250 75.83 94.15 69.49 1.09
200 100 125 250 81.87 108.72 73.83 1.11
300 100 125 250 91.89 110.81 82.52 1.11
0 100 125 250 114.12 110.81 / 1.03
50 100 150 250 63.43 54.36 68.66 117
100 100 150 250 77.51 76.87 73.56 1.05
150 100 150 250 86.29 94.15 78.47 1.10
200 100 150 250 90.93 108.72 83.37 1.09
00 100 150 250 114.12 110.81 / 1.03
50 100 200 250 65.74 54.36 83.18 1.21
100 100 200 250 84.09 76.87 89.12 1.09
150 100 200 250 90.43 94.15 95.06 0.96
200 100 200 250 104.47 108.72 101.00 1.03
300 100 200 250 109.84 110.81 112.88 0.99
o0 100 200 250 123.06 110.81 / 1.11
100 175 193 250 129.21 153.06 129.24 1.00
350 175 193 250 173.13 250.95 155.34 111
00 175 193 250 264.75 250.95 / 1.06
100 175 350 250 157.74 153.06 181.85 1.03
262 175 350 250 193.99 247.74 205.66 0.94
o0 175 350 250 255.28 250.95 / 1.02

L EN 1992-4—concrete breakout failure (aecn,ny according to Grosser et al. [9] for hyr = 60 mm). 2 Modified design proposal for splitting failure

mode. 3 Ny, decisive Tepresents smaller of the two calculated capacities.
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Table A3. Numerical simulations—influence of anchor spacing.

€1 hef h s Ny Nu,CB ! Nu,proposul 2 Nu/Nu,decisive 3
[mm] [mm] [mm] [mm] [kN] [kN] [kN] [-1]
100 60 75 100 29.72 27.51 24.17 1.23
100 60 75 200 33.20 36.06 26.95 1.23
100 60 75 250 33.46 40.20 28.47 1.18
100 60 75 300 35.34 41.86 30.09 1.17
100 60 75 500 40.66 41.86 37.21 1.09
100 60 75 720 44.56 41.86 43.49 1.06
100 60 75 840 44.83 41.86 43.49 1.07
100 60 130 100 33.20 27.51 34.88 1.21
100 60 130 200 41.98 36.06 38.89 1.16
100 60 130 250 4591 40.20 41.09 1.14
100 60 130 300 47.17 41.86 43.41 1.13
100 60 130 500 49.29 41.86 53.69 1.18
100 100 125 100 64.63 57.89 59.13 1.12
100 100 125 200 66.53 70.04 63.06 1.05
100 100 125 250 69.39 76.87 65.15 1.07
100 100 125 300 72.72 83.90 67.31 1.08
100 100 200 100 60.90 57.89 80.89 1.05
100 100 200 200 77.84 70.04 86.27 1.11
100 100 200 250 84.09 76.87 89.12 1.09
100 100 200 300 92.13 83.90 92.08 1.10
200 100 125 100 73.66 81.88 67.02 1.10
200 100 125 200 78.37 99.05 71.47 1.10
200 100 125 250 81.87 108.72 73.83 1.11
200 100 125 300 83.40 118.66 76.29 1.09
100 91 130 150 59.34 57.32 58.43 1.04
100 91 130 200 64.51 63.43 60.55 1.07
100 91 130 250 67.98 69.95 62.76 1.08
100 91 130 300 73.96 76.52 65.06 1.14
100 106 130 150 68.21 68.09 65.51 1.04
100 106 130 200 73.19 74.65 67.53 1.08
100 106 130 250 73.45 81.70 69.63 1.05
100 106 130 300 74.28 89.01 71.81 1.03
100 120 130 150 76.13 79.01 72.15 1.06
100 120 130 200 78.46 86.06 7411 1.06
100 120 130 250 80.20 93.66 76.13 1.05
100 120 130 300 86.79 101.64 78.22 1.11

L EN 1992-4—concrete breakout failure (aecn,ny according to Grosser et al. [9] for hyr = 60 mm). 2 Modified design proposal for splitting failure
mode. 3 Ny, decisive Tepresents smaller of the two calculated capacities.
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