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This paper presents the results of the laboratory tests of new connectors for timber-concrete
composite (TCC) structures. These connectors can be used to join a timber beam with a con-
crete slab. They consist of two parts — a headed stud and a steel screw. The objective of our
analysis was to examine the stiffness and strength of the connection, which can be used in
designing TCC beams. The authors introduced formulas for calculating the above mentioned
parameters. The results obtained in the experimental tests are compared with those calculated
using the proposed formulas.
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1. INTRODUCTION

Wood is often used for structural elements and is very competitive to other
materials used in the construction market, because of its high strength-to-weight
ratio [1] and the prevalence of light-weight structures [2], in which timber is
widely used. Wood is one of the oldest structural materials, and it is continuously
being improved, e.g., DUDZIAK et al. studied the process of wood plasticization
by hot rolling [3, 4], whereas RAPP and F1SzER studied adhesive scarf joints in
wooden beams [5, 6].

Glued-laminated timber is a relatively new structural engineered wood prod-
uct, which enables the creation of structural members much larger than trees [7].
In addition, timber exposed to fire can carry loads for a long time, because
of the big cross-section area of the timber beam and the slow rate of charring of
the beam’s surfaces. In addition, the fire resistance of glued-laminated timber
can be significantly improved by the application of fire-resistant surface coat-
ings or pressure impregnation with fire retardants. Therefore, glued-laminated
timber can be used for building bridges [8] and roof systems for single-storey
warehouses, shopping centres and factories.
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The load-bearing capacity and stiffness of a timber beam can be improved
by joining the timber beam with a concrete slab [9] (see Fig. 1).
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F1G. 1. Timber-concrete composite beam.

The floors of timber-concrete structures have better acoustic and thermal
properties as well as higher fire resistance than wooden floors. Timber-concrete
composite structures compete well with steel-concrete composite structures pre-
sented in [10-12] and less-known aluminium-concrete composite structures
presented in [13, 14]. Concrete may be poured into steel sheeting, which may
serve both as formwork and tensile reinforcement [15]. The timber beam and the
concrete slab should be joined together using shear connectors. The shear con-
nectors used in timber-concrete structures are presented in [16-19]. GUTKOWSKI
et al. presented laboratory tests of TCC beams with notched shear/key anchor
connection [20, 21]. A composite connector for TCC structures was proposed
n [22]. It consisted of a composite cylinder made of ultra-high performance
fibre-reinforced concrete shell with a cylindrical steel core. The failure modes of
this connector are associated with the shearing of the connector, the pulling-out
of the steel core from the connector head and the pulling-out of the steel core
from the connector shank. The interaction between the timber and the concrete
can also be ensured by a glued-in connection, e.g., a perforated mesh made of
plywood [23], corrugated re-bars [24] or a perforated steel plate [25]. The analy-
sis of the load-carrying capacity and stiffness of timber-concrete joints made of
dowel-type fasteners was presented in [26, 27]. LUKASZEWSKA et al. presented
a composite system in which the concrete slab was prefabricated off-site, with
the connectors embedded and then connected on-site to the timber joists [28].
The prefabrication of the concrete slab reduces construction costs and the im-
pact of the concrete shrinkage on the deflection of the composite beam. The
value of the shrinkage strain of concrete has an effect on the bearing strength
of a connection with flexible connectors. The problem of concrete shrinkage was
presented in [29-31].
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To model the behaviour of the TCC beam, the linear elastic model referred
as EC 5 in Annex B of [32] may be used. The stiffness and the ultimate strength
of the connection are the necessary information for designing TCC beams. In
this study, the authors developed a new connector which consisted of two parts
— a headed stud and a steel screw (see Fig. 1). This solution is similar to the
commonly used screws and dowels, and therefore it combines the advantages
of both. CECCOTTI classified screws as the least rigid [33], yet LUKASZEWSKA
showed that they are the most ductile as well [17]. The proposed connector has
a larger diameter (20 mm) than the normally used screws (10, 12, 16 mm). The
headed stud of this connector is embedded in the concrete slab and it can be
of any height. A steel hexagon flange which tightens the steel sheeting to the
timber beam and enables screwing makes this novel connector usable in TCC
beams with profiled steel sheeting. This solution was never presented before —
it is original and practical. The authors prepared two push-out tests to evaluate
the behaviour of the new connectors. There is no standard for the assessment
of TCC connections [19]. The ultimate capacity of the connector and the stiff-
ness of the connection are often obtained from a push-out test using the loading
procedure presented in EN ISO 26891 [34]. However, the traditional EN ISO
26891 procedure was not used due to the possibility of premature cracks ap-
pearing in the concrete slabs. If the premature cracks had appeared, the load
would have decreased for a moment. This could stop the test. The tests were
carried out in accordance with the principles set out in EN 1994-1-1 [35] and
using constant displacement control. When a connector for steel-concrete com-
posite structures is tested, its resistance may be the result of the shear of the
connector or the destruction of the concrete part [36]. These failure mechanisms
may also occur when testing connectors for timber-concrete structures. Addi-
tionally, the timber part surrounding the connector may also become damaged
in the analysed structures. Due to the fact that push-out tests are burdened
with the risk of premature cracks, the concrete slabs should be thick enough to
prevent them [37]. In the analysed models, the concrete slabs were 150 mm thick,
and they were made of high-performance concrete to prevent premature cracks.
Nowadays, the use of high-performance concrete is prevalent. DENISIEWICZ and
KuczMmA presented reactive powder concrete with large compressive strength —
140 MPa [38]. SCHAFERS and WERNER used ultra-high performance concrete
for timber-concrete composite beams [39]. The use of high-strength concrete
makes it possible to reduce the thickness of the concrete slab.

The test configuration can have an impact on results. Researchers use three
test configurations: pure shear, double shear push-out and single shear push-
out [19]. In the double shear test, two timber elements and one concrete ele-
ment are used more often than two concrete elements and one timber element.
CARVALHO and CARRASO investigated the impact of the specimen arrangement
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on the strength and deformations of TCC joints [40]. They observed that the
concrete-wood-concrete specimen had the best strength of the TCC connection.
The same configuration was used in this study.

2. THEORETICAL BACKGROUND

The resistance of the shear connector in the laboratory test was calculated
using Eq. (2.1) and following the principles set out in [35]:

0.9P
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v

where P is the minimum failure load divided by the number of shear connectors
and 7, is the partial factor.

In Eurocode 4, the design strength of a headed stud shear connector in com-
posite beams with ribs transverse to the supporting beams should be calculated
as the lesser of Egs. (2.2) and (2.3):
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where Ag. is the cross-section area of a stud shear connector, f, is the ultimate
strength of steel, f.x and E.,, are the cylindrical compressive strength and mean
secant (elastic) modulus of concrete respectively, and k; and « are the reduction
factors specified in Eurocode 4.

Equations (2.2) and (2.3) take into account only the strength of the connector
and concrete. This is not enough. It is also necessary to take into consideration
the strength of timber. The theory of timber connections was presented by Jo-
HANSEN in [41]. The formulas for predicting the load-carrying capacity of dowels
used in TCC elements were presented in [26]. These formulas are similar to the
equations developed for steel-timber joints and presented in Eurocode 5 [32]. The
Eurocode 5 formulas are suggested for calculating the resistance of connectors
used in timber-concrete structures:
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where fj, 1, is the characteristic embedment strength of the timber, ¢ is the pen-
etration depth, d is the diameter of the connector, M, gy, is the characteristic
fastener yield moment, F,, gy is the characteristic withdrawal capacity of the
fastener, kyoq is the modification factor for duration of load and moisture con-
tent, and v,y is the partial factor for material properties.

Thanks to the tests, not only the resistance but also the ductility of the
shear connector can be evaluated. DEAM et al. suggested that a connection
can be defined as ductile if it can withstand a relative slip of 10 mm without
a reduction in strength exceeding 20% of the peak value [42]. The slip modulus
ko.4 per connector may be calculated from [32] as

(2.9) ko = pidd/23.

DiAs et al. analysed the stiffness of dowel-type fasteners in [27], and they
arrived at the best correlations for the Eurocode 5 model presented in [32]. The
stiffness of the connection is approximately linearly proportional to the dowel
diameter [43].

3. EXPERIMENTAL INVESTIGATION

The tests were carried out on two models shown in Fig. 2. The tested speci-
mens differed in the shape of concrete slab. The authors analysed two types of
concrete slabs: one poured into open through a profiled steel sheeting placed in

Fic. 2. Models placed on the machine base.
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an upward position (model 1) and another poured into open through a profiled
steel sheeting placed in a downward position (model 2).

An experimental model consisted of two concrete slabs made of C60/75 con-
crete, two steel sheets made of 0.7 mm-thick S320GD steel, four steel shear
connectors (20 mm), four reinforcing meshes made of 6 mm S235JRG2 steel
round bars and a timber beam made of GL28h timber. The concrete slabs
were simultaneously cast in the vertical position. The fasteners were embed-
ded 100 mm deep both in concrete and in timber. The connector consisted of
two parts — a headed stud made of grade S235J2 steel (19 x 90 mm) and a steel
screw (hexagon-head wood screw DIN 571 4.6, hot dip galvanised, 20 x 100 mm).
The tests were performed 35 days after the casting and using the Instron 8500
Plus test machine. The models were put on a 12 mm-thick OSB board placed
on the machine base. The load ranging between 10 kN and 50 kN was applied
cyclically 25 times, and subsequently failure load was applied. The longitudinal
slip between the concrete slabs and the timber beam was measured continuously
during loading using LVDTs. Measurements were also performed when the load
decreased. Constant displacement control was used and the piston velocity was
1.0 mm/min. The location of sensors is presented in Fig. 3.
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Fic. 3. Constructional details of experimental models.

4. RESULTS

The vertical displacement of the timber beam for every model is presented
in Fig. 4. It shows the arithmetic mean of the displacement measured by two
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F1c. 4. Force-slip diagrams from push-out tests.

sensors. These line plots also present the stage when the cyclical load was ap-
plied. The maximum shear force for the first model was 122.1 kN, with the
corresponding slip of 27.9 mm, while the maximum load for the second model
was 119.1 kN, with the corresponding slip of 18.7 mm. The mean value of the
maximum load was 120.6 kN. The deviation of any individual test result from
the mean value obtained from both tests did not exceed 2%. In the first test,
when the slip was 37.9 mm, the force was 113.7 kN. This connection was ductile,
because a reduction in strength (6.9%) did not exceed 20% of the peak value of
the force. In the second test, when the slip was 28.7 mm, the force was 112.0 kN.
This connection was also ductile, with a reduction in strength of 6.0%.

The push-out tests showed one distinctive mode of failure (see Fig. 5). This
mode was associated with the crushing of the timber (see Fig. 6) and the forma-
tion of one plastic hinge within the connector at the timber-concrete interface
(see Fig. 7). No cracks appeared in the concrete slab throughout the tests be-
cause high strength concrete was used (the mean compressive cube strength of
the concrete was 84.4 MPa). When the load reached 88% of the ultimate value,
the profiled sheeting in the ribs separated from the concrete only in the first test.
The design resistance of a single connector from formula (2.1) was 22.0 kN in
test 1 and 21.4 kN in test 2. The slip modulus kg 4 was read before the cyclic load
was applied. The kg 4 stiffness of the connector was 4.4 kN/mm in the first test
and 7.1 kN/mm in the second test, while the kg ¢ stiffness of the connector was
4.6 kN/mm in the first test and 6.9 kN/mm in the second test. In most cases,
the kg ¢ stiffness is lower than the kg4 stiffness. In this article, the kg4 stiffness
was higher than the kg ¢ stiffness in test 2, but it was lower than the kg ¢ stiff-
ness in test 1. A similar situation was presented in [17]. There, LUKASZEWSKA
showed that for an SST+S connection (coach screw with steel tube) the ko
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F1G. 5. The failure mode in timber-concrete joints.

F1G. 7. The failure mode in the connector.
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stiffness was higher than the kg 4 stiffness. The slip modulus of a connection for
the ultimate limit state, k,, should be assumed as 2/3 of the kg4 stiffness [32].
CECCOTTI suggested using the ko stiffness as the slip modulus &, [33]. The
authors in this article, as a result of obtaining a high value of the kg ¢ stiffness,
proposed to assume k,, as 2/3 of the kg4 stiffness for the analysed connectors.
The slip modulus kg4 calculated from Eq. (2.9) was 7.6 kN/mm. The ratio of
the slip modulus kg 4 calculated from Eq. (2.9) to the slip modulus kg 4 obtained
in test 2 was 1.07, which is a good correlation. The ratio of the slip modulus kg 4
calculated from Eq. (2.9) to the slip modulus kg4 obtained in test 1 was 1.7.
This poor correlation may be connected with the nonlinear behaviour of the
connection during the initial part of the test (see Fig. 4).

Consequently, the authors determined the design strength of the connector.
Table 1 presents the data used for calculations. The resistance calculated from
Egs. (2.1) through (2.8) is presented in Table 2.

Table 1. Data used for calculations.

Parameter Value
Reduction factor k¢ 0.75
Ultimate strength of steel f, 400.0 MPa
Reduction factor a 1.0
Cylindrical compressive strength of concrete fcx 60.0 MPa
Cross-sectional area of the wood screw Ag. 3.14 cm?
Partial factor =, 1.25
Diameter of the wood screw d 20 mm
Mean secant (elastic) modulus of concrete Ecp, 39.0 GPa
Density of timber p 425 kg/m®
Modification factor for duration of load and moisture content kmoq 0.9
Partial factor for material properties yas 1.25
Penetration depth ¢ 10.0 cm
Characteristic embedment strength of the timber fn x = fr,0.x 27.9 MPa
Characteristic withdrawal capacity of the fastener Fu, ri 0.0 kN
Characteristic fastener yield moment M , 29.0 kN -cm

Table 2. The design strength of the connector from Egs. (2.1) through (2.8).

The design strength of the connector [kN] calculated from Eq.
(2.1) (2.2) (2.3) (2.4) (2.5) (2.6) (2.7) (2.8)
22.0 60.3 106.5 40.1 19.5 21.0 16.1 14.9
2 21.4 60.3 106.5 40.1 19.5 21.0 16.1 14.9

Model
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The design strengths obtained from Egs. (2.2) and (2.3) were much higher
than the ones obtained from the tests using Eq. (2.1). Equation (2.2) is connected
with the shearing of the connector, whereas Eq. (2.3) is connected with the
crushing of the concrete. These failures were not observed during the tests.
The lowest design strength, usually used for the steel-timber connection with
a thin steel plate, was obtained from Egs. (2.7) and (2.8). The concrete slab
was thick enough to be analysed as a thick element. The ratio of the design
resistance of the shear connector obtained from Eq. (2.4) to the resistance of the
shear connectors obtained in test 2 was 1.87. Equation (2.4) is associated with
timber crushing only. The design strength obtained from Eqs. (2.5) and (2.6)
was similar to the one obtained from the tests. Equation (2.6) is associated with
the timber crushing and the formation of two plastic hinges, whereas the failure
mode was associated with the timber crushing and the formation of one plastic
hinge within the connector. This latter mode is associated with Eq. (2.5) (see
Fig. 8.3 in EC 5 [32]). During calculations, the authors did not take into account
the rope effect (F,; ri/4 = 0.0). In the design process, the design strength of
the connector as the smallest result of Eq. (2.2) through (2.8) — 16.1 kN, was
assumed. The ratio of the design resistance of the connector obtained from the
proposed equations to the design resistance of the connector obtained in the
tests was 0.70 (14.9/21.4 = 0.70).

5. CONCLUSIONS

This article discussed the results of the tests of new connectors for timber-
concrete composite structures. The original contributions of this work include:

e determining the stiffness and strength of the new connector for TCC
beams,

e proposing to calculate the design resistance and stiffness of the connector
using formulas from EC 4 and EC 5.

The connection was ductile, which was a significant advantage. However,
the design strength of the connector was not high, because the resistance of
the timber limited it. The failure mode was connected with the crushing of the
timber and the formation of one plastic hinge within the connector at the timber-
concrete interface. The authors emphasize that the two studied specimens are
a very small sample, and future tests should focus on connections having dif-
ferent diameters and on using such connections in composite beams. With the
current state of knowledge, the proposed method of calculating design strength
of the connector (as the minimum from Egs. (2.2) to (2.8)) is worth considering
when designing this type of connections.
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