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Bending properties of deconstructable cross-laminated timber-concrete

composite floor elements

Mohammad Derikvand ' and Gerhard Fink

Department of Civil Engineering, Aalto University, Espoo, Finland

ABSTRACT

Design for disassembly using deconstructable connections facilitates recycling and reusing of
building materials and, therefore, reduces waste management problems at the end of service life.
In this regard, a deconstructable timber-concrete composite connector using self-tapping screws
has been developed at Aalto University. In the presented research, an experimental investigation
was performed to further evaluate the effectiveness of this connector in fabricating
deconstructable cross-laminated timber (CLT)-concrete composite floors. For this purpose, several
CLT-concrete composite beams were fabricated using 5-layer CLT and low-shrinkage concrete.
Each beam contained one row of connectors to represent a strip of a full-scale floor. The vibration
performance, bending properties, interface slip, failure modes, and ease of disassembly of the
beams were investigated. The results were compared with the ones from a reference group of
beams fabricated with regular screws. Overall, the deconstructable beams performed exceptionally
well by attaining 98.5% of the average bending stiffness of the regular beams. The load-carrying
capacity was also similar but governed by the CLT plate. The vibration characteristics were
comparable in both groups. After the bending test, the deconstructable beams were
disassembled. Although the beams had been exposed to unproportionally large deformations
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under the bending load, the disassembly process was performed successfully.

Introduction

During the last decade, concerns regarding global climate
change have created an opportunity to further increase the
use of timber materials in the built environment, including
for application in structural floor systems. In this regard,
floor systems made with laminated timber products such as
cross-laminated timber (CLT) have exhibited less environ-
mental impacts than conventional concrete floors (Hassan
et al. 2019). However, timber floors in general can be more
susceptible to serviceability issues due to the lighter weight
and the lower stiffness (e.g. Jiang and Crocetti 2019, Mirdad
et al. 2021, Jaaranen and Fink 2022). An effective method to
address these issues is to use a timber-concrete composite
(TCQ) solution. TCC is more environmentally friendly than tra-
ditional concrete floors and offers structural advantages com-
pared to timber floors. In TCC, usually a relatively thin
concrete topping is connected to a timber component
using shear connectors. The resulting composite system
takes advantage of the high compressive capacity of concrete
and the high tensile capacity of timber (Yeoh et al. 2011, Dias
et al. 2016). In order to achieve the full potential of the com-
posite action, the connectors need to be designed with satis-
factory shear stiffness. One drawback of TCC floors, however,
is that the conventional shear connections used in their con-
struction are predominantly made with permanent connec-
tors that cannot be disassembled. This represents a

challenge for the disposal of the buildings and can lead to
waste management problems at the end of service life.

Some of the connection systems that were investigated in
the previous studies have the potential of being decon-
structed (see Lukaszewska et al. 2008, Lukaszewska 2009, Fra-
giacomo and Lukaszewska 2013, 2015, Crocetti et al. 2015,
Zhang et al. 2019, Shi et al. 2021). However, the focus of
these studies was on the connections that can enable the pre-
fabrication of TCC floors in the dry-dry construction system,
and therefore, the deconstructability was not the primary
subject. In the dry-dry system, the concrete slab is prefabri-
cated and then connected to the timber component using
screw connectors. The screws can be inserted through e.g.
steel/plastic tubes (Crocetti et al. 2015), wooden blocks (Khor-
sandnia et al. 2016), or steel plates (Shi et al. 2021) that are
pre-embedded in the concrete. A few other deconstructable
solutions were also investigated by Khorsandnia et al. (2016,
2018), in which the deconstructability of TCC floors was
specifically investigated. The proposed solutions are suitable
for the prefabrication of TCC floors in a joisted system.

The dry-dry system offers a wide range of benefits,
however, direct concrete casting (i.e. wet-dry construction
system) is currently the dominant approach in fabricating
TCC structures. In this regard, Thai et al. (2020) investigated
a deconstructable connection for CLT-concrete composite
floors fabricated in the wet-dry system. The proposed
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connection was a rectangular notch reinforced with two self-
tapping screws. Pang et al. (2022) also investigated the
bending properties of a separatable CLT-concrete composite
floor in the wet-dry system. The composite elements were
fabricated wusing round notch connections, however,
without the use of screw reinforcement.

Recently, a deconstructable connector was also developed
at Aalto University that is suitable for both dry-dry and wet-
dry construction systems (Derikvand and Fink 2021). The con-
nector can be applied on different TCC floor types as well, and
therefore, offers a higher level of versatility than most of the
existing solutions. The connector is made of a self-tapping
screw whose upper section is covered with a thin protective
layer and a lid. The initial trials exhibited sufficient shear prop-
erties under static push-out loads. However, so far, the per-
formance of the connector has been evaluated and
approved only at the connection level, meaning by perform-
ing shear tests on individual connectors. Therefore, in the
herein presented research, an experimental investigation
was performed to further evaluate the effectiveness of this
connector in fabricating deconstructable CLT-concrete com-
posite floors. This was done by testing strips of a CLT-concrete
composite floor. Each strip (referred to as composite beam)
contained one row of connectors. The fundamental fre-
quency, damping ratio, bending properties, interface slip,
and failure modes of the composite beams were investigated.
In order to qualitatively evaluate the efficiency of the connec-
tor an additional group of composite beams made with
regular self-tapping screws were also fabricated and tested
as reference. In addition to the mechanical properties, the
deconstructability after large deformations was investigated.
Therefore, the composite beams fabricated with the decon-
structable connector were disassembled after the destructive
bending test.

Materials and methods
Specimen

Five CLT-concrete composite beams were fabricated using
the deconstructable connector and five composite beams
were fabricated using the equivalent regular self-tapping
screw. The configuration and dimensions of the composite
beams can be seen in Figure 1.

A 5-layer CLT plate, made of Spruce boards with the
strength class of C24 (EN 338 2016), was purchased from a
local supplier and used to fabricate the composite beams.
The CLT plate had been produced without narrow face

L 1= 3800

bonding. The heights of the longitudinal and the transvers
layers were h, 35 =30 mm and h,, =20 mm, respectively. A
total of ten CLT beams with the dimensions of bxhx /=
145 x 130 X 4000 mm?> were used to fabricate the CLT-con-
crete composite beams. It should be noted that, due to the
small width of the CLT beams, the load carrying capacity of
the CLT-concrete composite elements is expected to be
highly influenced by the properties of the individual timber
boards as well as the quality and position of the finger
joints. Resulting from the small width, the system effect is sig-
nificantly reduced, and therefore, the load carrying capacity
of the composite beams may not be representative for a
full-scale CLT-concrete composite floor. However, in this
study the focus is on the serviceability performance, and
therefore, the specimens are assumed to be suitable. Prior
to fabricating the CLT-concrete composite elements, the
local bending stiffness and the effective bending stiffness of
the CLT beams were measured experimentally in accordance
with EN 408 (2010). For this purpose, the beams were loaded
within the elastic range using the four-point bending test set-
up shown in Figure 1. Based on the measured stiffness values,
the CLT beams were subdivided equally into two groups, one
group for the fabrication of the deconstructable composite
beams and one group for the fabrication of the regular com-
posite beams.

A low-shrinkage concrete was selected for the fabrication
of the composite beams. The proportion of different com-
ponents in the concrete mix can be seen in Table 1. The
density and the 28 day compressive strength of the concrete
was measured in accordance with EN 12390-3 (2019). This
was performed by testing ten cubic samples with the dimen-
sions of bxhxI=100x 100 x 100 mm?, which were taken
from different concrete batches in the study. The cubic
samples were stored in the same environment as the compo-
site beams so that a relevant estimation of the compressive
strength of the slab can be obtained.

The deconstructable composite beams were fabricated
using the connector illustrated in Figure 2. The connector is
comprised of a self-tapping screw covered in the upper
section using a thin layer of heat-shrink tubing (HST) and a
lid made of Styrofoam. The full description of the connector
details, including its application process and its shear proper-
ties, can be found in Derikvand and Fink (2021). In the present
study, however, the connector is slightly modified. In Derik-
vand and Fink (2021), the entire length of the screw in the
concrete section was covered by the HST layer, whereas in
the present study only half of the length of the screw in the
concrete section is covered (Figure 2). This modification was
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Figure 1. The configuration of the CLT-concrete composite beams and the four-point bending test set-up. Measurements in mm.



Table 1. The concrete mix proportion used in the study.

Components Total weight percentage in the mix (%)
Sand (maximum size: 2 mm) 295
Aggregates (maximum size: 16 mm) 40.1
Filler 6.1
Cement 175
Superplasticizer (SP) 0.2
Water added to the SP 13
Water added to the mix 53

made to create a timber-concrete interface configuration that
would be similar to that in a regular TCC connection with self-
tapping screw. Furthermore, the upper section of the connec-
tor lid was cut with 30° angle (see Figure 2), which was equal
to the screw insertion angle chosen in this study. This way the
top surface of the lid will be parallel to the top surface of the
concrete.

To fabricate the composite beams, the connectors were
driven into the centerline of the CLT using predrilled holes
@ =8 mm. The insertion angle a =30°, the spacing of the con-
nectors s=~166 mm, and the penetration depth in the CLT
section ls=125 mm. After the screw insertion process, a
plywood formwork was installed around the beams and a
steel wire mesh (@ = 8 mm) was placed inside the formwork.
The concrete was then cast. The concrete height hs~55 mm,
whereas the height of the connector after installing was
about 52 mm (Figure 2). Therefore, a 3 mm-thick concrete
layer covered the lid of the deconstructable connector. As a
result, the deconstructable and the regular composite
beams were visually identical from every angle. The compo-
site beams were kept in the laboratory environment for 28
days prior to the vibration and the bending tests.

Vibration test

After 28 days, the plywood formworks were opened and the
composite beams were placed on a simply supported set-up
as shown in Figure 1. The vibration test was then performed
using a modal impact hammer, an accelerometer, a charge
amplifier, and a dynamic signal analyzer. The accelerometer
was installed under the beam at 1520 mm distance from
the nearest support. The impact was applied on the

HST

Self-tapping
screw

N

200 mm

13 mm —>|¥He

Figure 2. Configuration of the deconstructable connector.
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centerline of the concrete top surface on 11 different points
along the span. The data were recorded using Data Physics
SignalCalc Software and further processing of the data was
performed in MATLAB.

Four-point bending test

The composite beams were tested to failure point using the
four-point bending set-up shown in Figure 1. The loading
conditions were set in accordance with EN 408 (2010) so
that the failure point can be reached within 300 + 120 sec.
The test was ceased after the failure point when the load
level dropped to 70% of the maximum load (F.qy. The
midspan global deflection was measured from the center of
the bottom layer of the CLT component using a linear vari-
able differential transformer (LVDT). The local deflection
was measured also at the midspan using two LVDTs installed
on both sides of the composite beams. The slips at the CLT-
concrete interface were measured from the cross-section of
the composite beams at both ends.

Results and discussion
Vibration performance

The fundamental frequency (f) and the damping ratio ({) of
the composite beams are given in Table 2. On average, the
fundamental frequency of the deconstructable composite
beams was only 2.1% lower than that of the regular ones.
The damping ratio was marginally higher for the deconstruct-
able group. Nevertheless, given the general uncertainties and
sensitivity of this type of measurement, the damping ratio
could be considered similar in both groups.

Bending performance

Load-deflection curves and failure modes

The load-deflection curves of the deconstructable and the
regular composite beams can be seen in Figure 3. Although
the load levels vary between individual composite beams,
no distinguished difference can be observed in the load-
deflection trends in the two groups. The connector type did
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Table 2. Test results of the CLT beams and the composite beams: Vibration characteristics, bending properties, and failure modes.

CLT component

CLT-concrete composite

Failure modes

Beam type Beam symbol  Ely (kN.m?)  Elior (kN.M?)  F(HZ) (%)  Frmax (kN)  Elor (kN.m?)  Elioear (kN.m?)  CLT*  Concrete**
Deconstructable D1 265.26 303.34 2059 3.28 32.77 929.12 129939 F N
D2 258.02 27148 2003 4.04 42.48 872.61 1085.99 F, K N
D3 25068 260.08 2070 3.65 34.64 943.74 1067.40 F N
D4 24186 26347 19.82 3.06 2891 898.72 1029.51 F, K C
D5 22735 24939 19.89 3.42 34.49 868.37 110849 F, K C
Average 24847 269.79 201 3.49 34.66 902.51 1118.16
COV (%) 534 6.76 1.81 9.61 12.76 3.32 843
Regular P1 261.06 27242 20 3.2%6 30.82 936.22 1096.71 F, K N
P2 25226 27064 2067 3.18 36.57 935.15 110136 F, K C
P3 24650 27367 2162 3.48 40.77 969.58 1329.89 F N
P4 24047 25265 2032 3.51 37.91 886.94 112153 F, K N
P5 2273 236.13 19.90 3.03 27.97 B855.47 102732 F N
Average 24552 261.10 2064 329 34.81 916.67 113536
COV (%) 463 561 275 5.52 13.53 4.4 am

Note: *Failure mode in the bottom lamella: F: Finger joint failure; K: Knot failure. **C: Cracks in the tension side of the concrete slab; N: No failure/cracks detected.
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Figure 3. The load-deflection curves of the composite beams under four-point
bending.

not show a noticeable effect on the average load carrying
capacity (Fna of the composite beams (Table 2). This was
expected to be achieved as the shear strength of this connec-
tor system has shown to be only marginally lower than that of
the equivalent regular self-tapping screws (see Derikvand and
Fink 2021). As mentioned earlier, due to the small width of
the composite beams, the load-carrying capacity was
influenced by the performance of the individual lamellae as
well as the quality and location of the finger joints. Resulting
from the small width, the system effect was reduced, and
therefore, the maximum load carrying capacities that were
obtained in the study may not be representative for a full-
scale CLT-concrete composite floor. Nevertheless, the focus
of the present study is on the serviceability of the floor
elements.

In both groups, the goveming failure mode was finger
joint failure (Figure 4). The failures initiated in the finger
joints or in the knots located in the bottom lamella and
then propagated to the next layers. Similar failure modes
have been reported by Mai et al. (2018) for TCC slabs fabri-
cated with 5-layer CLT. In three composite beams, the con-
centration of multiple finger joints and knots in one
location resulted in nearly complete fracture of the CLT
section. This led to crack development in the tension side
of the concrete part, as indicated in Table 2. No gap

opening was observed between the CLT and the concrete
in any of the composite beams.

Bending stiffness
The local bending stiffness (El,.,) was calculated using
Equation (1) and the effective bending stiffness (El.g) was cal-

culated using Equation (2); where, % is the slope of the load-
w

deflection curve from 0.1 F,ax to 0.4 Fiay and a, |, and [, are
the geometrical characteristics as defined in Figure 1. The test
results are summarized in Table 2.

__akAF
Eliocas = T6h (1)
(3al — 4a®)AF
Bt = —88e 2

The average values of the local bending stiffness were quite
similar in both groups; however, the effective bending
stiffness is more often used as the main reference for compar-
ing TCC beams. On average, the deconstructable composite
beams achieved 98.5% of the effective bending stiffness of
the regular composite beams. The coefficient of variation
(COV) was only 3.3% for the deconstructable composite
beams and only 4.4% for the regular once. The stiffness differ-
ences are significantly smaller compared to the once found in
the previous investigation at the connection level (Derikvand
and Fink 2021); there, the deconstructable connector inserted
at a =30° had exhibited ~12.7% less average shear stiffness
than the equivalent regular self-tapping screws. However,
as described earlier, in the present study only half of the
screw length in the concrete section was covered by the
HST layer, which might have contributed to the improvement
in the shear stiffness of the connector.

CLT-concrete interface slip

The slip at the CLT-concrete interface was used to further
evaluate the performance of the deconstructable connectors.
Overall, the load-slip trends in the deconstructable and the
regular composite beams appeared to be comparable
(Figure 5).



Deconstructable composite beams

Figure 4. Failure modes of the composite beams.

In most beams, a larger slip in the initial phase followed by
a linear trend was obtained in the load-slip curves, which was
similar for both test groups. This effect was different com-
pared to the load-slip curves observed for other forms of
TCC elements in some of the previous studies e.g. Crocetti
et al. (2015), Khorsandnia et al. (2016), and Zhang et al.
(2019); in these studies, however, the slips were measured
from the side of the specimens rather than the cross
section. Based on the observations during the test in the

=== Deconstructable composite beams 50 T
+++ Regular composite beams 1

F(kN)

12

 (mm)

Figure 5. The load-slip curves at the left and the right ends of the composite
beams.
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present study, one reason for the larger slip in the initial
phase could be the initial gap closing between the CLT and
the concrete at the beginning of the test, which causes
additional outward movement of the slab at the cross-
section. These small gaps were caused by the concrete shrink-
age and were most noticeable at the cross-section of the
composite beams and above the supports. In those cases
(D3 and P5) where the gaps were minimal, the load-slip
trends seemed to be more typical as can be observed in
Figure 5. For a more detailed investigation about the effect
of the interface slip, however, further aspects such as the fric-
tion between the timber and the concrete component also
need to be considered (see e.g. Jaaranen and Fink 2020
2021). This, however, is outside the scope of the present
study.

Overall, the highest slip values at F,,4 in the deconstruct-
able and the regular composite beams were u=0.81 mm and
u=0.92 mm, respectively. Based on results reported by Derik-
vand and Fink (2021), the maximum load-carrying capacity of
the deconstructable connector is reached at u>1.7 mm.
Therefore, the deconstructable connectors presumably had
not yet reached their maximum capacity when the composite
beams failed under the bending load. Nevertheless, this effect
was similar for both connector types.
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A deconstructable composite beam before disassembly

—
oy |

L (=

Figure 6. Deconstruction process of one of the composite beams after the bending test.

Ease of disassembly

After completing the bending tests, the ease of disassembly
of the deconstructable composite beams was evaluated by
removing the screws. Each screw was removed in four steps
as depicted in Figure 6 and further described in the following.
Step1: the thin concrete layer on top of the connector lid was
broken using a light hammer. It is important to note that the
presence of the connector holes inside the concrete of the
deconstructable beams did not appear to cause any specific
cracks or damages in the concrete section. Step 2: the
broken concrete was wiped off using a hand brush so that

the connector lid become visible. Step 3: the lid was taken
out so that the screw can be accessed. Step 4: the screw
was removed using a cordless screwdriver. The CLT and the
concrete slab were taken apart after removing all the
screws. It was observed that the disassembly process of a
deconstructable composite beam, consisting of 22 connec-
tors, can be completed without any difficulty in around
15 min. This was possible since the screws did not develop
any major plastic hinge during the bending test.

It should be noted that Step 1 and Step 2 of the disassem-
bly process will not be required if a larger lid is used. In this



case, the top surface of the lid will be visible, and therefore,
no concrete layer will form above the connector. However,
a thin layer of concrete above the connector will have
several benefits. One of the benefits is that the connector
hole will not be visible on the concrete surface, and therefore,
the surface finish of the concrete will be similar to that in a
regular TCC. This could be important for e.g. the installation
of the architectural components of the floor at the later
stages of the construction. The thin concrete layer can also
create some protection for the connections.

Properties of the materials

The local bending stiffness and the effective bending stiffness
of the CLT beams in each group were calculated using
Equation (1) and Equation (2), respectively. The results can
be seen in Table 2. The average density and the average 28
day compressive strength of the concrete were p.=
2358.6 kg/cm? (COV = 5%) and f.=58.8 MPa (COV = 3.9%).

Conclusions

In this study, the effectiveness of a recently developed decon-
structable connector made with self-tapping screw was eval-
uated for the fabrication of deconstructable CLT-concrete
composite floors. Several composite beams were fabricated
using the connector and their vibration performance,
bending properties, interface slip, failure modes, and ease
of disassembly were studied. A reference group of composite
beams made with regular self-tapping screws were also fab-
ricated and tested to create a basis for comparison. The fol-
lowing conclusions were drawn based on the results:

+ The difference in the natural frequency of the deconstruct-
able and the regular composite beams was negligible. The
damping ratio was marginally higher in the deconstruct-
able group.

+ The deconstructable composite beams attained around
98.5% of the average effective bending stiffness of the
regular once. Therefore, no important difference was dis-
tinguished in the bending stiffness.

« A larger slip in the initial phase followed by a linear trend
was observed in the load-slip curves of the CLT-concrete
interface at the ends of beams, which was similar in both
groups. The reason for this effect could be the initial gap
closing between the CLT and the concrete at the cross-
section of the composite beams during the bending test.

+ The deconstructability of the composite beams after large
deformations under the bending load was approved. The
deconstruction was still possible because the connectors
inserted at a=30° had not developed any detectable
plastic hinge.

Overall, the results of this study indicate that the CLT-con-
crete composite floor beams fabricated with the new connec-
tor can provide similar mechanical properties to the ones
fabricated using the regular self-tapping screws. Therefore,
the new connector can be an alternative solution in fabricat-
ing more ecofriendly TCC structures. Nevertheless, it must be
noted that the excessive use of steel materials in the

WOOD MATERIAL SCIENCE & ENGINEERING @ 259

connectors can have a negative environmental impact on
its own. Therefore, the full potential of this deconstructable
solution can be achieved if the number of connectors in
the floor system is reduced. This can be done in several
ways without compromising the structural capacity of the
floor e.g. by combining the new connector with a notch con-
nector. Nevertheless, it was essential in this study to only use
the connectors in their pure forms because this way any
difference between the capacities of the new connector
and the regular screws could be observed more clearly.
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