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Abstract. Composite dowels are an economically and technically reasonable alternative to the
conventional shear connectors, the headed studs. However, their competitiveness is limited by the fact that
they are only approved nationally and for a limited period of time, whereas headed studs are firmly
anchored in European regulations. Numerous investigations, performed on a national and international
level for decades, were necessary in order to enable an integration of composite dowels into the European
standards. This paper summarizes the extensive investigations on the influence of cracked concrete, of
tensile and combined shear-tensile loads as well as of composite dowel positions close to the surface on
the load-bearing behaviour of composite dowels. Based on these and former investigations, a consistent
design concept for composite dowels was developed, which will also be presented within this paper and
shall form the basis for the introduction into European standardization.

1 INTRODUCTION AND STATE OF THE ART

Composite dowels for the transfer of longitudinal shear forces between steel cross sections and concrete
slabs have several advantages compared to conventional shear connectors, i.e. headed studs. In addition to
increased material efficiency [1-3] and corresponding lower CO2 emissions, structural components with
composite dowels are characterized by a simple manufacturing process. Both the flame cutting process and
the welding of the composite dowel strips can be automated [4]. In addition, no special welding
qualification or equipment is required in contrast to the welding of headed studs according to [5], which
also enables small and medium-sized companies to manufacture such steel beams. The use of composite
dowels also offers the advantage of high flexibility, as the dowel geometries can be adapted to the specific
requirements of the component. This way, high resistance, stiffness and deformability can be achieved,
even when using high-strength materials [6].

Composite dowels have been used more and more frequently in recent years, mostly in bridge
construction. Nevertheless, in building construction, the market shares of these innovative shear connectors
have been extremely low. In addition to the lack of experience of the engineering offices, their
competitiveness is also limited by the fact that they are only approved nationally and for a limited period
of time [7], whereas headed studs are firmly anchored in European regulations [8]. In Germany the load-
bearing capacity per dowel is determined on the basis of a national technical approval via the minimum of
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the failure modes steel failure [9], shearing of the concrete dowel [6,7] and pry-out of a concrete cone [10-
12]. Under cyclic loading, steel resistance is calculated with the help of the structural stress concept [7,13]
and the concrete resistance by means of a stress limitation [7,14]. In this case, further tests are continuously
being performed to increase the efficiency of composite dowels [13,15-17].

In order to improve their competitiveness, extensive experimental and numerical investigations were
carried out within a joint research project of the RWTH Aachen University and the University of
Kaiserslautern, which focused on the corresponding load cases and relevant installation positions in
building construction and are shown schematically in figure 1. The aim of the research project was to
develop a consistent design concept for composite dowels. This should serve as a basis for the preparation
of a CEN Technical Specification. This article summarizes the test program of the small-size specimens
within the research project as well as the resulting design model including the underlying engineering
models. A more detailed description of individual topics has already been given in [18-20]. Furthermore,
large-size component tests were carried out to verify the transferability of the design equations which are
presented within the final report [21].
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Figure 1. Schematic overview of the examined load situations and installation positions.

2 SHEAR-, TENSION- AND SHEAR-TENSION-RESISTANCE

2.1 General

While the longitudinal shear resistance of composite dowels in non-cracked concrete has already been
researched extensively and is regulated within the current German approval, neither their tension- nor their
combined shear-tension-resistance is covered in regulations. However, there are conceivable applications
where composite dowels are stressed by corresponding loads, for example at the edge of large web openings
in steel girders. Within the joint research project, numerous shear-, tension- and shear-tension-tests were
performed on single-push-out tests in order to derive an approach for the interaction of both resistances.
Furthermore, the calculation of the longitudinal shear-resistance in the current German approval does not
consider the influence of concrete cracks. In past research projects [20,22-24], however, a significant
reduction of the load-bearing capacity was observed as a consequence of transversal cracks in the concrete
slab. In building construction, transversal cracks above central supports of continuous beams, longitudinal
cracks above the composite dowels from transversal bending as well as crack formation due to constraining
loads in statically indeterminate systems occur. In the research project the resistance of individual dowels
in concrete with transversal and longitudinal cracks under shear-, tension- and shear-tension-loads was
tested.

2.2 Tension-resistance of composite dowels

The existing approach of the tensile-resistance of composite dowels according to [25-28] was calibrated
on small-size tests with puzzle-shaped dowels (PZ) and a uniform embedment depth of 30 mm. In addition,
different test series with various dowel geometries (figure 1), embedment depths and positions of the
reinforcement bars were performed. The experimental investigations were accompanied by numerical
parameter studies.
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Figure 2 summarizes the test setup and selected results of the tensile tests based on the DV test series
(variation of dowel geometry). The specimens were placed centrally under the test cylinder and back-
anchored via linear supports parallel to the steel plate (figure 2a). Despite different dowel geometries, the
test results were similar with regard to the force-slip curve and the maximum load-bearing capacity (figure
2b). The failure mechanism was usually a large-area concrete pry-out, which settled from the outer edges
of the dowel and spread along the stirrup reinforcement (figure 2c+d). In tests with PZ geometry and an
arrangement of the reinforcement outside of the steel tooth undercut, the dowels were pulled out without
such a large-area failure. On the contrary, the concrete was sheared only in the small undercut areas. This
failure at a low load level has to be avoided by a tightly fitting dowel reinforcement in the case of composite
dowels under tensile loads.
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Figure 2. Investigations on the tensile strength of composite dowels, exemplified by the DV test series with
variation of the dowel geometry (height 40 mm; embedment depth 30 mm): (a) test setup; (b) force-slip curves;
(c) crack pattern and pry-out cone; (d) pry-out in numerical parameter studies, representation via the concrete tensile
damage in the FE software Abaqus.

2.3 Shear-tension-resistance of composite dowels

In [29], a load introduction construction with varying angles was used to carry out single-push-out tests
under combined shear- and tensile-loads. This test setup was used to expand the experimental database
within the research project (figure 3, [20]). The influence of the reinforcement arrangement, which had
previously been identified as decisive, was systematically investigated. Furthermore, different dowel
geometries under five different load angles were considered. The resistance of the examined composite
dowels decreased both with increasing distance of the transversal reinforcement from the steel tooth and
with increasing angle of load application (increasing tensile component). The position of the transversal
reinforcement was only negligible under predominantly shear loads (angle of application <22°).
Furthermore, the influence of transversal cracks was systematically investigated in pure tension- and
interacting shear-tension-tests. Both the materials used and the measuring techniques are documented in
detail in [20].
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Figure 3. Test setup for shear-tension interaction tests in transversally cracked concrete.

2.4 Small-size tests with longitudinally cracked concrete

The effects of longitudinal cracks in concrete were investigated on the basis of 14 small-size tests, in
which both shear- and tensile-loads were applied with different crack widths on otherwise identical test
specimens. For this purpose, test specimens with recesses according to figure 4a were used to push both
halves of the specimen away from each other by small hand cylinders and threaded rods in order to create
longitudinal cracks (figure 4d). The influence of different crack widths on the shear resistance of composite
dowels was determined by means of seven tests (figure 4b). Despite high pre-damage due to the crack
insertion, no significant reduction of resistance could be observed in comparison to composite dowels in
non-cracked concrete. The limiting effect of transversal cracks on pry-out cones does not exist in the case
of central longitudinal cracks, as they certainly cross the pry-out cone but do not reduce its shell surface.
However, a clear influence of the pre-damage was shown in the tensile tests (figure 4c). Here three different
dowel geometries and the influence of transversal reinforcement were tested. In the case of these tests on
composite dowels with PZ shape under tensile stress in combination with a central longitudinal crack (with
or without transversal reinforcement) pull-out failure occurred. This failure, which strictly has to be
avoided, does not emerge in the case of dowel geometries with larger undercuts (CL or PZKL). In the tests
with longitudinal cracks in combination with CL or PZKL geometry, a reduction of the resistance could
nevertheless be observed, compared to the tests with non-cracked concrete. As a consequence, systematic
tensile loads in the area of wide longitudinal cracks should be avoided as far as possible.

J 2.) Shear or

Tension

1.) Spreading by cylinder
and locking by
threaded rods

Figure 4. Small-size tests with longitudinally cracked concrete; a) formwork and reinforcement of the test
specimens with recesses; b) setup of the shear- or c) tensile-tests; d) crack initiation: bracing of the test specimen
halves by spreading plates with the help of hand cylinders and threaded rods.
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3 COMPOSITE DOWELS POSITIONED CLOSE TO THE SURFACE

3.1 General

Specifically, in building construction, modern composite structures are being realized increasingly
slimmer. To achieve such low slab thicknesses, the composite dowels can be positioned horizontally within
the concrete slab (rotated by 90° around their longitudinal axis). In this case, as well as with installation
positions close to the free edge of the concrete slab, forms of failure can occur which are not explicitly
considered in current regulations, but which are often decisive for the design of slim composite structures.
The positions described are referred to as ‘close to the surface’. The typical failure mode of composite
dowels positioned close to the surface occurs in the form of spalling of the concrete cover and is called
edge failure. A horizontal arrangement of the composite dowels allows concrete slab thicknesses far below
the limit of be > 250 mm, which is the current restriction of the German technical approval and causes
economic disadvantages of the construction method in the field of building construction.

3.2 Small-size tests

In total, more than 40 small-size tests were carried out and accompanied by numerical simulations
within the research project to investigate the influence of individual parameters on the load-bearing and
deformation behaviour of composite dowels positioned close to the surface. Correspondingly, the influence
of the lateral concrete cover cp;s, the dowel geometry (PZ, CL or PZKL), the scaling factor ex, the steel
tooth axial spacing, the steel plate thickness tw, the concrete compressive strength fc and the arrangement
of the transversal reinforcement were inspected. The tests were mainly manufactured in the form of push-
out tests with four composite dowels each (figure 5a+b). The force-slip behaviour of specimens with a
concrete slab thicknesses be of 100 mm, 150 mm and 200 mm is exemplarily shown in figure 5Sc, while two
test specimens of identical parameter configuration were tested in each case. The lateral concrete cover is
equal to cp;s=(bc - tw)/2. Although the maximum load-bearing capacity increased with growing slab
thickness, a reduction in stiffness was recorded in all tests at a load level of approximately 265 kN (figure
5c, Detail A). This observation is caused by two overlapping effects.
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Figure 5. Small-size tests with composite dowels positioned close to the surface: (a) push-out test specimen; (b) test
setup; (c) force-slip behaviour with different concrete slab thicknesses be; (d) slip composition.

Firstly, it is due to the pulverization of the concrete in the quasi-hydrostatic compressive stress zone
directly below the steel teeth, which is also reflected in the predominant concrete deformation in the slip
composition of the 100 mm thick specimens (figure 5d) and was described more detailed in [18,19].
Secondly, the 4 mm thick steel teeth reached their yield strength at the said load level, resulting in the large
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total slip of the 200 mm thick specimens, their load-bearing capacity was ultimately limited by the steel
resistance and not by edge failure. Although concrete pulverization occurred there below the steel teeth,
too, the greater lateral concrete cover was sufficient to dissipate the radiating compressive forces. Overall,
the ratio of concrete deformations decreased with higher concrete slab thicknesses, while steel tooth
deformations increased.

4 ENGINEERING MODELS

4.1 General

Based on the results of the small-size tests, engineering models were developed which were then
statistically calibrated on own and former small-size tests according to Annex D.8 of Eurocode 0 [30].
Subsequently, the approaches for tensile- and combined shear-tensile-resistance, transversal cracks and
composite dowels positioned close to the surface will be described. The statistically validated equations
will be compiled in chapter 5 within a consistent design concept for composite dowels with geometries as
shown in figure 6. The longitudinal shear resistance which is currently regulated within the German
approval [7] is also proposed to be modified by a new statistical evaluation.
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Figure 6. Composite dowel geometries PZ, CL und PZKL.

4.2 Approach to consider the tensile-resistance

To achieve a consistent design concept, the engineering model of the tensile resistance of composite
dowels was set up analogously to the pry-out failure mode in case of longitudinal shear loads, where
concrete spalling occurs due to a vertical force component. In addition to a statistically secured coefficient
k, the following parameters influence the tensile resistance of composite dowels with PZ geometry (figure
7):

- the width of the steel tooth bep or the distance of the load transferring contact points

- the embedment depth of these contact points in the concrete hefr

- the concrete tensile strength, assumed via the square root of the characteristic compressive strength

- the arrangement of the transversal reinforcement via the coefficient ky

On the basis of tests, the coefficient ky could be determined to 1.8 for adjacent transversal reinforcement
bars or 1.2 for reinforcement bars outside the steel tooth undercut. The statistical evaluation leads to the
equations given in Chapter 5. As a matter of fact, it has to be respected that due to the brittle tensile load-
bearing behaviour no plastic force redistributions can be applied. Systematic tensile forces can therefore,
at best, be transferred by one dowel, otherwise the elastic distribution of tensile forces over several dowels
must be determined more precisely.
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Figure 7. Determination of the pry-out cone geometry in case of one dowel or block failure and design approach.
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4.3 Approach to consider the combined shear-tensile-resistance

In [29] an interaction relationship was proposed (figure 8) which divides both of the effecting shear and
tensile forces by the corresponding resistances while each quotient was calibrated with an exponent k to
consider the interaction relationship. On the basis of test results, the exponent k could be determined for
different dowel geometries and reinforcement arrangements.
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Figure 8. Shear-tensile-interaction relationships for reinforcement bars at the steel dowel (a), within the steel tooth
undercut (b+c) and outside the steel tooth undercut (d).

Depending on the position of the transversal reinforcement, three cases can be distinguished. The
maximum resistance under a combined shear-tensile load can be achieved if the transversal reinforcement
is placed directly at the steel tooth within the undercut (a = 0 mm). In this case, the resulting shear-tension
interaction curve can be seen in figure 8a and the exponent k can be set to 2.0. The diagram contains test
results from [21]. If the transversal reinforcement does not contact the steel tooth but still is in the undercut
area (figure 8b, a =5 mm) with tests according to [31], the exponent k can be selected as 1.5 for the dowel
geometries PZKL and CL, whereas in the case of the PZ geometry (figure 8c, a =8 mm) with tests
according to [32] an interaction coefficient of k = 1.0 must be used. If no explicit attention is paid to the
arrangement of the transversal reinforcement, no tensile stress may be applied in the case of the PZ
geometry, while with the CL and PZKL geometries still an interaction coefficient of k = 1.0 (figure 8d)
with tests according to [21] can be applied. If systematic tensile forces occur, is important to ensure that
the transversal reinforcement is positioned as close as possible to the steel tooth to increase the tensile
resistance. The proposed interaction relationships have been further developed on the basis of the proposed
models according to [33].

4.4 Approach to consider transversally cracked concrete slabs

In [34] an equation for the mechanical derivation of a reduction factor yerack was developed which
considers the concrete strength, the geometric conditions and the crack pattern. The influence of the crack
pattern was very complex to determine due to the mechanical consistency and was simplified in [35] with
the help of conservative geometric assumptions. On the basis of a statistical evaluation of the extended
database, the reduction coefficient was further developed and statistically verified. In the elaborated
proposal according to [1] only the geometric value hpo (height of the pry-out cone), the crack width wr and
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the corresponding crack spacing s: were considered. The coefficients o and § can be determined for the
different dowel geometries on the basis of Table 1.

sy e g (1)

= +
Perack 6:hpotsr  a+fwr

Table 1: Coefficients for the calculation of yene depending on the dowel geometry.

a B
PZ and PZKL 9 22
CL 13 31

The reduction of the resistance calculated with the help of equation (1) provides very good agreement
with the test results for a wide range of possible crack widths. An overview of the quotients of experimental
and theoretical load-bearing capacities can be found in [36].

4.5 Approach to consider composite dowels positioned close to the surface

According to the mechanical model based on the observations of the small-size tests, a quasi-hydrostatic
compressive stress zone occurs in front of the steel teeth in the area of the effective steel tooth height ha.esr
(figure 9) where the concrete is pulverized with increasing loads. The state of equilibrium is maintained
both by the transversal reinforcement passing through and by the surrounding concrete. According to [37],
the pressure p within this zone relates anti-proportionally to the third root of the effective contact area
t'hd,eff.

Mechanical model Effective steel tooth height h, o« = {-e,
SE D) s S8 ) LS
PZ KL PZ
ex €x
(:i|—l \“\ §
cL

M N Fgos/2 | s
W A Lerrcho/6 Legrcns

E
A, ~ const. —  F ~p =3+1) —=& = feeft
Lesr - Cps
Figure 9. Schematic representation of the model assumptions for composite dowels positioned close to the surface.

The compressive stress zone causes, among other effects, a vertical force component Fres, which acts
on an approximately constant and parameter-independent area Ap. Because of its eccentricity, it induces
bending stresses within the concrete cover around the x-axis. If the concrete tensile stress c. locally reaches
the flexural tensile strength fcin, the concrete edge spalls, the previously encased concrete powder escapes
and the loss of load-bearing capacity is initiated. As a consequence, the resistance of composite dowels
positioned close to the surface is significantly limited by maintaining the state of equilibrium of the quasi-
hydrostatic compressive stress zone by the concrete cover. The resistance of this local zone can be
approximated by applying static model assumptions as to be seen in figure 9.
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4.6 Neglection of the failure mode ‘shearing of the concrete dowel’ in thin slabs

The current German approval additionally requires the calculation of the resistance against the failure
mode shearing of the concrete dowel. As a matter of fact, when the required transversal reinforcement with
an area of A > 0.5-P/fu per dowel according to [8] is used, the failure mode has not been observed in tests
with open dowel geometries and small embedment depth any more with regard to [12,34].

In addition, calculations for parameter configurations with PZ geometry showed that the failure mode
shearing of the concrete dowel is not decisive in comparison to the failure mode pry-out for usual
dimensions in building construction. Therefore, a design equation for determining the shear strength could
be omitted for concrete covers below 100 mm in future regulations [21].

5 CONSISTENT DESIGN CONCEPT FOR COMPOSITE DOWELS

On the basis of the previously illustrated theoretical considerations, a consistent design model for
composite dowels was developed which extends the scope of application of the current German approval
[8]. For pure longitudinal shear loads, the characteristic value of the resistance per dowel Ps rk, considering
the potential failure modes steel failure Py, pry-out of a concrete cone in non-cracked or transversely
cracked concrete Ppo and edge failure Ppoe, is derived from the calculative minimum of the equations given
in figure 10.

Shear resistance
Ppie = Ageo " ex "t fy —  Steelfailure e i
_ . —
Pg g = min Ppos =K1~ Xu Xy hPDl Ve (L ppi) Yerack Pry-out 'ﬁ Y T | A
Progse = 216 \[Foc k- cps - [ty haepp - Y% —  Edge failure 2.3 Jd

Ageo  specific geometry factor: E, modulus of elasticity of the steel in [N/mm?]
Agec,pz = 0,286, Agag pzi = 0,186, Ageqc, = 0,259 Ecn  modulus of elasticity of the concrete in [N/mm?]
ey steel tooth distance in [mm]; Cpo  upper concrete cover to the steel tooth in [mm]; ¢, 2 30 mm
150 mm < e, < 500 mm cp, lower concrete cover to the steel tooth in [mmy; ¢y, 2 30 mm
ty thickness in [mm]; 4 mm <t,, < 60 mm; Gy lateral concrete cover ta the steel tooth in [mm]; ¢;; 2 45 mm
maximum 1,, ., = 40 mm is used in the calculation Xx reduction factor with regard to e,
f, nominal value of the steel yield strength in [N/mm?] Xe =10 for e, 24,5:hy,
){k characteristic concrete compression strength in [N/mm?] X = :‘ <10 for e, <4,5hy,
Ky factor for failure mode pry-out: 45 o . .
. : X reduction factor with regard to the number of composite dowel
71 bei PZ- und PZKL-Geometrie ¥ i 4 d to the | dist fth it
95 bei CL-Geomerie 2;5:; 6.o.e,, and to the transversal distance of the composite
. b 3 . "
Foo height of the ﬁg}'tmi%%'? ‘cht cone in [mm] in case of one composite dowel stripe:
hpopz = ming 0 ' * Xy =10
b Cpy +0,08-¢, 3 . . .
A in case of two composite dowel stripes:
Cpo+0,05-e, -
hpopzxe =miny 006 Xy =10 for  e,29h,
 (epe i 0070y =1+ 1) <10 for  120mm <e,<9hy,
fpo,cr = min cpy + 0,13 e, Weaer  Teduction factor to consider transversal cracks:
. . . _ B Ay s JFpa
Pp;  reinforcement degree for failure mode pry-out: pp; = Forins Yerack.pzipzrL = m YT < 1,0
Ag  transversal reinforcement area in the concrete slab in [mm?): ¥ _ s oo g
Agp = Ay + A; Ak CL = Gohpgts, | 13+31wy
Ay,  participaling concrete area in [mm?]: Ap; =k, - e, s distance between cracks in [mm]
h, height of the concrete slab in [mm] w, crack width in [mm]
k size factor: k =1+ ,/200/¢p ¢

Figure 10. Design equations for longitudinal shear resistance.
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In the case of pure tensile loads, the characteristic value of the resistance per dowel Pzrk can be
determined in a simplified way with regard to the pry-out failure mode, using the equations shown in figure
11 depending on the arrangement of the transversal reinforcement. If the transversal reinforcement contacts
the steel tooth within its undercut, an increased tensile resistance can be applied. First of all, it has to be
checked whether the effecting tensile force can be transferred by a single dowel. If this is not the case, the
elastic distribution of the tensile force over several dowels must be determined more precisely. Then both
the tensile resistance of each individual dowel and the block failure, which can be calculated by using bcp
as the distance between the outer load transferring areas of several dowels under tension, have to be
considered. A plastic distribution of the tensile forces must not be assumed due to the low ductility.

Tensile resistance

b - N N .
Prpe = (742 _hcn ). hg}}f 3 JE > reinforcement in border position bep opening width between the steel teeth in [mm]
eff

h.;; effective height of the pry-out cone in [mm]

cD 15 . .
Pzpi = (10,5 +3,1 P ff) : he” */fex > reinforcement in steel undercut [ characteristic concrete strength in [N/mm?]
€,

Combined shear-tension resistance

7 k S k reinforcement k-factor

] +(——) =10 positions Pz PZKL cL
Pyra Poora _ _
Z,  effecting tensile load in [kN] invalid 1.0 1.0
Pzrq tensile resistance in [kN]
S effecting shear load in [kN] 1.0 1.5 15
Pporg Shear resistance against pry-out in [kN] 20 20 20
k interaction factor [-]

Figure 11. Design equations for tensile- and shear-tensile-resistance.

Applications with composite dowels under tensile loads in cracked concrete shall be avoided as far as
possible. Otherwise the transversal reinforcement must be placed closely to the steel tooth in the undercut
and the crack width must be limited to wr= 0.1 mm according to the current technical regulations. In
addition, dowel geometries with a larger undercut (CL or PZKL) should be selected preferably. For
composite dowels with PZ geometry, the design value of the calculated tensile resistance shall be reduced
to 50% of the tensile resistance according to figure 11, for CL and PZKL geometry to 70%.

The equations to determine the resistance of composite dowels under combined shear-tensile loads are
also given in figure 11, where the position of the transversal reinforcement has a decisive influence, too.

6 SUMMARY AND OUTLOOK

On the basis of numerous experimental investigations and corresponding numerical simulations, which
were partly presented within this paper, and of former test results, a consistent design concept was
developed to consider the tensile- as well as the shear-tensile-resistance of composite dowels, the influence
of cracks and of positions close to the surface. This model approach shall form the basis for the preparation
of'a CEN Technical Specification, which can be introduced into the European standardization process and
thus increase the competitiveness of composite dowels.
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