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ABSTRACT: Interest in timber-concrete composite (TCC) floors has increased over the last 30 years. TCC
technology relies on timber and concrete members acting compositely together. Both timber and concrete ex-
hibit a quite brittle behaviour in bending/tension and compression respectively whilst the shear connection is
identified as the only contributor of ductile behaviour. Therefore, the strength, stiffness and arrangement of
the shear connection play a crucial role in the structural design of TCC. There are only few investigations on
analytical closed-form equation to predict the stiffness and strength of TCC joints as input values to design a
partially composite floor. For example, Johansen’s yield theory was adopted as European yield model in Eu-
rocode 5. However, the equations are limited to vertically inserted dowels or screws and Eurocode 5 recom-
mends that the strength and stiffness of unconventional joints should be determined by push-out tests. Previ-
ous investigations reported that the inclined shear connector significantly increase the initial stiffness and
ultimate strength of the TCC joints and consequently composite floor.

This paper presents a model for the strength of TCC joint using crossed (+45°) proprietary screws (SFS
Intec). The Johansen yield theory is extended to derive the strenght model of TCC joint with crossed (+45°)
screws which are loaded in tension and compression. The model is an upper bound plastic collapse model that
assumes the behaviour of timber and screw perfectly plastic with undamaged concrete. The failure modes
considers of yield of screw, in tension or shear, and some combined modes assuming screw withdrawal, lat-
eral crushing of the timber and the development of plastic hinges in the screw. The experimental aspect of the
research consists of push-out tests and aims to verify the strength model of TCC joints with inclined screws.
The failure modes are also investigated. The model seems to be reasonably accurate in predicting both the
characteristic strength and failure mode. This research suggests the model to facilitate the design of inclined
screw shear connections for TCC construction.

and concrete to act together as one entity, with the

timber action in tension due to bending and concrete
1 INTRODUCTION acting in compression due to bending (Branco et al.

2007). This is aligned with the materials’ natural
Timber concrete composites (TCCs) are structural  properties and behaviours (Moshiri et al. 2012).
elements that comprised of timber and concrete ele- TCCs benefit from the composite action, resulting
ments joined together by some form of shear con- i 3 significant improvement in strength and stiff-
nector. They are most commonly used as floor sys-  ness compared to the timber and concrete acting in-
tems. Mechanical fasteners are typically used and  gependently (Clouston et al. 2005). The level of this
there are a number of different types of connectors  penefit depends on the stiffness of the connector,
available with Varying effeCtivenESS, price and la- and can range from no connection to r|g|d connec-
bour requirement (Kieslich & Holschemacher 2010).  tjon, with the boundaries of structural efficiency de-
Fasteners include nails, screws, spikes, shear keys  termined by these theoretical limits (Clouston et al.
and proprietary devices. The degree of stiffness of  2005; Kieslich & Holschemacher 2010). The litera-
the composite is dependent on the stiffness of the  yre review of existing theoretical model and exper-

connection (Clouston et al. 2005). The connector al-  jmental investigation indicates that the inclination of
lows for composite action — that is, for the timber



the fasteners results in higher stiffness and strength
rather than the perpendicular one.

The first part of this paper states the kinematic
plastic collapse model adopted for inclined SFS
screws connections. Finally the experimental data
gained from push-out test are used to validate the
analytical model. The paper concludes that the pre-
dicted model is in a good agreement with the exper-
imental results.

2 ANALYTICAL MODEL

The load carrying capacity model of inclined fasten-
er used in TCC joint is derived based on some modi-
fication to the European Yield Model (EYM) taking
into account the withdrawal capacity of the screws
as a result of the angle between the screw axis and
the timber grain direction. The aforementioned mod-
el is an upper bound collapse load that complies with
Johansen’s yield theory which is adopted for in-
clined fasteners. In order to apply the kinematic
plastic method using the principle of virtual work,
the presumed shape at collapse is postulated as part
of the compatible displacement set whilst the exter-
nal and internal loads are considered as the equilib-
rium set.

The kinematic plastic method of TCC joint as-
sumes that the work done by external load is equal
to the energy absorbed by plastic deformation in the
timber or/and any plastic hinges in the fastener

The external work We done by the external force
is the multiplication of collapse load by correspond-
ing the slip at the interface of the concrete and tim-
ber as shown in Equation 1 whilst the internal ener-
gy W dissipated by each failure modes is the
internal work equal to the internal force times the lo-
calised displacement associated to each failure mode
(Symon et al. 2010).

We =R Aq (1)

Equating the external work and internal dissipat-
ed energy, an upper bound on the collapse load of
each supposed mechanism is obtained. Therefore,
the lowest collapse load and the corresponding fail-
ure mode govern the behaviour of the joint.

We= Wi 2
It is assumed that the fastener embedded in con-
crete is stiff enough to remain undeformed and the
friction between the timber and concrete is consid-
ered negligible. The material properties of the screw
in timber such as withdrawal, embedment strength
and ultimate tensile stress of screw are however re-
quired to predict the load carrying capacity of joint.

2.1 Mode 1 — the withdrawal failure of screw

Mode 1 states the withdrawal of the screw from the
timber component without any sign of crushing in
the timber whilst Mode 2 indicates some horizontal
displacement of fastener followed by crushing of the
timber component (

Figure 1).

As discussed in Symon et al. (2010), in Mode 1,
the screw is withdrawn from the timber without de-
veloping any crushing failure to the timber. Euro-
code 5 puts forward Equation 3 to calculate the
withdrawal strength of a screw perpendicular to the
timber grain. In addition, Eurocode 5 proposes
Equation 4 to obtain the withdrawal strength of
screw inserted at an angle to the grain. Hence, axial
withdrawal load capacity of inclined screw is calcu-
lated by introducing Equation 4 into Equation 5
where t is the embedded length of the screw in the
timber or according to Eurocode 5 as expressed in
Equation 6 whereas, effective length, le is equal to t
—d and d is the thread diameter. The internal dissi-
pated energy is derived using Equation 7. Equating
the external work (Equation 1) and internal dissipat-
ed energy (Equation 7), the load-bearing capacity in
failure Mode 1 is obtained as illustrated in Equation
9.

fuo = 3.6 10735} ©
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fa,a " cos2a+1.5sin%a (4)

Fax,a = T[dtfa,a (5)
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Figure 1 Mode 1 — screw withdrawn from timber.

2.2 Mode 2 — lateral displacement of screw

Mode 2 indicates the horizontal displacement of the
screw which crushes the timber without forming a
plastic hinge (



Figure 2). The load carrying capacity in failure
Mode 2 is governed by the embedding strength of
the surrounding timber. Eurocode 5, section 8.3 pro-
poses Equation 10 to calculate the characteristic em-
bedment strengths of nails and screws embedded in
timber and LVL with predrilled holes.

frox = 0.082p, (1 — 0.01d,y) (10)
Wi =fpoxdtAgecosa (11)

Again, equating the external work (Equation 1)
and internal dissipated energy (Equation 11), the
load carrying capacity in failure Mode 2 is obtained
as proposed in Equation 12.

R, = fpodtcosa (12)
Where,

p,, Is the characteristic timber density, in kg/m?;

d is the screw diameter, in mm.

=

Figure 2 Mode 2 — lateral displacement of screw.

2.3 Mode 3- combination of wood bearing failure
and withdrawal of screw

There is another possible failure mode which corre-
sponds to the plastic yielding of the wood along the
fastener. In this failure mode, the ultimate load car-
rying capacity is obtained by the work calculation in
the non-deformed state of the screw as a combina-
tion of the withdrawal and embedding stresses.

Kavaliauskas & Kvedaras (2010) stated that due
to the different behaviour of embedded and with-
drawal timber under the screw at the failure of con-
nection the values of embedding and withdrawal
stresses are not of the ultimate values. Therefore, ul-
timate load-carrying capacity is obtained by the
work calculation of the non-deformed state of the
screw as a combination of withdrawal and embed-
ding stresses as proposed in Equation 13 (

Figure 3).

The values of embedding and withdrawal stresses
vary with the inclination angle of the screw to the
grain direction of the timber. At an angle of 90 °, the
embedding stress is equal to the embedding stress
parallel to the grain without any withdrawal stress,

whilst at an angle of 0 °, the embedding stresses
reaches zero with the maximum withdrawal stress
(Kavaliauskas & Kvedaras 2010).

R3 = fyodtcosa+ % (13)
R
#
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Figure 3 Mode 3- combination of wood bearing failure and
withdrawal of screw.

2.4 Mode 4 —single plastic hinge in screw

Considering the dowel effect in Modes 4 and 5,
Mode 4 represents a single plastic hinge at the tim-
ber-concrete interface whilst Mode 5 shows double
plastic hinges — one at timber-concrete interface and
one along the portion of the screw embedded in the
timber (

Figure 4).

Eurocode 5 section 8.3 puts forward Equation 14
to calculate the yield moment My for round fasten-
ers produced from wire with a minimum tensile
strength of 600 N/mma2.

M,=0.3f,d%® (14)
whereas,

d is the nail diameter, in mm;

fu is the tensile strength of the wire, in N/mmz2,

=

Figure 4 Mode 4 — single plastic hinge in screw.

The appropriate embedded length and distribution
of the embedment stress along the screw results in
the formation of plastic hinge at the timber-concrete



interface. This failure coincides with a rigid rotation
of the fastener about some point along the fastener
which crushes the timber in front of the screw above
the point of rotation and behind the screw below the
point of rotation (Kavaliauskas et al. 2007; Symon et
al. 2010) .

Satisfying the equilibrium of the moment about
the timber-concrete interface, the distance between
the rotation point and the interface of materials, x is
calculated using Equation 15. The lateral displace-
ment of the tip of the screw Ay, is then written as
the function of lateral displacement and x as given in
Equation 16.

- /ﬂ e
x= o + > (15)

Aeip _A1at(t—x) (16)

X

The internal energy which dissipated by the em-
bedment in the timber, withdrawal of screw and ro-
tation of the plastic hinge is shown in Equation 17.

A .
W, = fredcosa Alz'” + frad(t — x) cos a% +

FooBaxiar + My 22 cos o (17)

X

The internal dissipated energy (Equation 17) is
equated to the external work done by the external
force (Equation 1). Then, A, is cancelled out and x,
Agip and A,yiar are substituted by the Equations 8,
15-16 into the Equation 17. Hence, the load carrying
capacity in failure Mode 4 is calculated as demon-
strated in Equation 18.

2
R, = fpqdcosa (2 ’Z—’; + % — t)+ Fax o sina (18)

2.5 Mode 5 — double plastic hinge in screw

The embedding strength of timber and bending yield
moment of the fastener govern the load-carrying ca-
pacity in Modes 4 and 5 as the fastener displaces lat-
erally and axially due to withdrawal and embedment
forces. In Mode 5, the point of rotation defines the
second plastic hinge. The distance between the plas-
tic hinges x is thus calculated in a similar way to that
explained in Mode 4, using Equation 19.

- ’MY
x= fh,a (19)

The internal energy which is dissipated by the
embedment of timber, withdrawal of screw and rota-
tion of the plastic hinge is shown in equation 20.

W, = fuadcoso % + Foxolaxial + M, A;‘” cos
(20)

The internal dissipated energy (Equation 20) is
equated to the external work done by the external
force (Equation 1). Then, as stated in Mode 4, A,,; is
cancelled out and A,y and x are substituted by
Equations 8 and 19 into Equation 20. Hence, the
load carrying capacity is represented by Equation 21

(
Figure 5).

Rs = 2cosa,/fp,oMyd + Fyy o Sina (21)
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Figure 5 Mode 5 — double plastic hinge in screw.

2.6 Mode 6- tensile failure of screw

In addition, it is presumed two more shear and ten-
sile failure modes of screw can occur at the timber-
concrete interface, depending on the tensile strength
of fastener. Tensile failure of the screw is calculated
by Equation 22 as the axial strength of the joint de-
pends on tensile capacity of screw. Hence, the load
carrying capacity of the joint governed by the tensile
failure of the fastener is obtained with Equation 23.

Fax,a
R6 " sina (22)
_ fymd?
R6  4sina (23)

2.7 Mode 7- shear failure of screw

The shear failure of the screw at timber-concrete in-
terface is identified to be the second failure mode
which involves only the fastener. Higher inclination
angles of screw to the grain direction of the timber,
a, increases the cross-sectional area A, of the fasten-
er at the timber-concrete interface as proposed in
Equation 24.
_ md?
"~ 4C0Sa
Assuming that the shear yield stress of the screw
is 0.6fy, the load carrying capacity corresponding to
shear failure is calculated with Equation 25 (Symon
et al. 2010).

Ay

(24)

R, = 0.6f,A, = 2hurd® (25)

4cosa



3 EXPERIMETAL TEST

The experimental aspect of the research consists of
push-out tests of five TCC joint specimens using
crossed (x45°) screws (SFS Intec), Laminated Ve-
neer Lumber (LVL) and conventional concrete.

The SFS screws introduced by Meierhofer (1992)
in the early 1990’s have been recognised as one of
the first specific shear connections for TCC Struc-
tures. The fastener consists of two parts with a di-
ameter of 6 mm as an anchor in the concrete and an-
other threaded 165 mm long with outer diameter of
7.5 mm as the anchor in the wood as shown in

Figure 6 (Lukaszewska 2009).

78 mm 142 mm

embedded part in concfete embedded part in LVL

Figure 6 SFS Intec VB-48-7.5x 165 screw.

Typical geometry and details of TCC’s specimens
are depicted in
Figure 7.

75

200

Figure 7 (a) cross-section and (b) plan view of specimen (mm).

In the push-out tests the load was applied onto the
end of the timber component whilst the concrete
slab, fixed on the table of the testing rig, resisted the
load. The test aimed to derive the strength and stiff-
ness of the connection. A load cell and Linear Vari-
able Differential Transducers (LVDT) were applied
to measure the load and relative displacement be-
tween the timber and concrete (

Figure 8). The load-slip diagrams of TCC joints
obtained by push out test are displayed in
Figure 9.
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Figure 9 Load-slip diagrams of SFS VB-48-7.5x 165 screw.

4 COMPARISON OF MODEL PREDICTION
AND EXPERIMENTAL RESULT

The equations of the plastic collapse model for sev-
en different failure modes are presented in Section 2.
The analytical model predicts that the tensile failure
of screw in tension (Mode 6, Fu = 29.7 kN) should
govern the load carrying capacity of the joint. The
experimental test quantified the load carrying capac-
ity of the joint at 33.4 kN (average value), represent-
ing a difference of 12% to the predicted value (

Table 2).

As seen in push out test result (

Figure 9), the behaviour of the TCC joints was
reasonably consistent whereas, load increased
steadily, slowing slightly before peaking. After
peaking, load gradually reduced to around 80-90%
Fmax, before a sudden and complete failure (Moshiri
et al. 2012).




Table 1 summarises the connection geometry and
material properties. A summary of the push-out test
results and predictions of the plastic collapse model
for strength of crossed (x45°) SFS Intec VB-48-7.5x
165 screws in LVL is shown in
Table 2.

The analytical model predicts that the tensile fail-
ure of screw in tension (Mode 6, Fu = 29.7 kN)
should govern the load carrying capacity of the joint.
The experimental test quantified the load carrying
capacity of the joint at 33.4 kN (average value), rep-
resenting a difference of 12% to the predicted value
(

Table 2).

As seen in push out test result (

Figure 9), the behaviour of the TCC joints was
reasonably consistent whereas, load increased
steadily, slowing slightly before peaking. After
peaking, load gradually reduced to around 80-90%
Fmax, before a sudden and complete failure (Moshiri
et al. 2012).

Table 1 Summary of material properties of TCC joint with SFS
SCrew.

Material properties of TCC joint with SFS

screw Value
embedment depth in timber, t (mm) 142
Shank diameter of screw, d (mm) 4.6
charactersitic density of LVL, pk (kg/md) 600
Measured tensile stress of screw, f, (Mpa) 1265
yield moment of SFS screw, My (N.mm) 20050
Calculated embedment strenght, fno (KN) 46.7
Calculated withdrawal strenght, fxo (KN) 52.9

Table 2 Summary of push-out test results and predictions for
crossed (£45°) SFS Intec VB-48-7.5x 165 screws in LVL.

020 Fmax RL R2 R3 R4 RS R6 R7
(‘;N)y (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN)

Experimental 334 - } _ _ - 334 -
result

Analytical 97 1228 432 985 692 64 29.7 356
model
Error 12%

LWC-2400 WI series

screw In tension

Figure 10 Opened TCC specimen connected by SFS screw.

In all specimens, a tensile failure of the screw
with some shear contribution was observed. Open
specimens as shown in

Figure 10 indicated necking of the failed screws
and the undamaged concrete. Furthermore, the
screws failed at their narrowest point, located 20-
30 mm above the thread and embedded in the con-
crete. Such failure mode agrees with Mode 6 of kin-
ematic plastic collapse model. This reinforced the
good agreement between the experimental results
and the prediction.

5 CONCLUSION

This paper presents a model for the strength of TCC
joint using crossed (+45°) proprietary screws (SFS
Intec). The Johansen vyield theory is extended to
derive the strenght model of TCC joint with crossed
(x45°) screws which are loaded in tension and
compression. The model is an upper bound plastic
collapse model that assumes that the behaviour of
the timber and screw is perfectly plastic and the con-
crete remains undamaged. The failure modes con-
siders of the yield of the screw in tension and/or
shear, and a series of combined failure modes such
as screw withdrawal, lateral crushing of the timber
and the development of plastic hinges in the screw.
The experimental aspect of the research consists of
push-out tests and verifies the strength model of
TCC joints with inclined screws. The failure modes
are also investigated. The model seems to accurately
in predict both the ultimate strength and failure
mode. This research suggests the model is reliable
and can be used for the design of TCC floor with in-
clined SFS screws.
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