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A B S T R A C T

Design of modern timber floors is often governed by the vibration serviceability requirements. One way to
improve vibration serviceability is through the design of two-way floor systems. In this paper, the behaviour
of two-way LVL–concrete composite plates and a plate strip is investigated experimentally, with an emphasis
on the performance of proposed dovetail joint for connecting the adjacent LVL panels. The investigations
consist of the experimental modal analysis and static load deformation tests, performed under multiple support
conditions. The results show a significant two-way action, indicated by about 45% higher fundamental natural
frequency when four edges are supported instead of two. The point load deflection in the centre of the plate
was reduced of about 9%. Furthermore, a numerical model for two-way TCC plates was developed and results
show a wide agreement with the experimental behaviour, except for discrepancies related to deflections on the
plate edge. The results from the experimental and numerical investigations indicate that the dovetail joint can
produce a stiff connection, such that the LVL layer could be regarded as continuous in the connected direction.

1. Introduction

Design of modern timber floors, especially for longer spans, is
often governed by the vibration serviceability requirements, whereas
the strength criteria are usually easily fulfilled. The European design
standard for timber structures (EN 1995-1-1 [1]) requires vibration
serviceability checks for the fundamental natural frequency, static point
load deflection and unit impulse velocity response [2]. The acceptable
limits are provided in the National Annexes. Fundamentally, the natural
frequencies depend on the stiffness-to-mass ratio of the system and
the static deflections depend on the stiffness of the system. Therefore,
stiffness is an essential parameter for the vibration performance.

Conventional timber floors are inherently one-way system, i.e. the
bending stiffness in the lateral direction is small compared to the longi-
tudinal one, and increasing the lateral stiffness can be an effective way
to improve vibration serviceability behaviour, e.g. by lateral bracing
as discussed in [3]. Another factor relates to the support conditions,
such that the vibrational performance can be improved by supporting
the floor on all four edges instead of two [4]. The effect, however, also
depends on the lateral stiffness of the floor itself.

Over the past few decades, many new timber floor systems, such
as cross-laminated timber (CLT) and timber–concrete composite (TCC)
floor structures, have emerged. Compared to the conventional joisted
or rib-stiffened plate systems, their components have a considerable
biaxial load-carrying capacity. For TCCs, this is the case especially
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when cross-banded laminated veneer lumber (LVL) or CLT panels are
used as the timber layer. However, as the timber layer needs to be
assembled from multiple panels due to their limited width, sufficient
continuity between them needs to be provided to utilise the biaxial ca-
pacity to the full extent. For CLT floors, proposed continuity connection
methods include butt-jointing of primed panel edges by 2-components
polyurethane glue on-site [5], casting synthetic reaction resin dovetails
on-site to precut slots [6] and using splice plates connected to CLT
by self-tapping screws [7]. For TCCs, two different connections have
been proposed along with the investigations of two-way TCC plates.
Loebus et al. [8] investigated two-way CLT–concrete composite plates
where the CLT panels were connected by glued-in rebar reinforced joint
that was filled with concrete while casting the plate. Although a direct
experimental comparison between one-way and two-way plates was
not made, the finite element (FE) simulations, with a model based on
the experimental results, showed about 40% smaller deflection under
a uniform load for a two-way plate compared to a similar one-way
plate. Kreis [9] investigated the behaviour of a two-way LVL–concrete
composite floor structure with beech LVL, steel tube shear connectors
and an intermediate, light-weight insulation layer. The LVL panels’
edges were connected by a glued-in rods that were joined together by
nuts on-site. The effect of the two-way action was investigated by static
load and modal tests with two boundary conditions, two or four edges
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supported. As a result, activating the two-way action increased the
fundamental natural frequency by 43% and decreased deflection under
a uniform load (produced by multiple point loads) by 34%. Overall,
these two studies showed considerable improvements in stiffness as a
result of the two-way action.

Furthermore, the stiffness and strength of the shear connections
between timber and concrete are crucial for the performance of TCCs.
See e.g. [10–14] for a review of different types of shear connectors.
A major difference between one- and two-way TCC systems is that
in the one-way systems, the connectors are loaded uniaxially, while
in the two-way system, the connectors need to transfer loads in two
directions. In [8], inclined screws, aligned according to principal shear
flow directions, or notch connections, were suggested for ensuring the
adequate performance of the two-way TCC plates.

Uniaxial TCC structures have been widely studied and therefore,
also a variety of analysis methods have been proposed. For design
purposes, these methods include e.g. the 𝛾-method, the strut-and-tie
model and the shear analogy method [12]. For research purposes, a
variety of 1D, 2D or 3D FE models that can account for the time-
dependent material behaviour or predict the non-linear load response
up to the failure, have been presented (see e.g. [10,15,16]). To the
authors’ knowledge, there are no analytical methods for the mechanical
behaviour of the two-way TCC plates, especially with panel-to-panel
joints or flexible supports. The numerical models include finite element
formulations for layered plates with interlayer slip, e.g. [17,18], but
they are not available in common finite element software. Alterna-
tively, each layer can be modelled individually and the interaction
between them can be accounted for by contacts or point-wise connec-
tions, as was done in [8,9]. In the former, a CLT–concrete plate has
been modelled with rigidly connected solid elements and the interlayer
slip has been accounted for by adjusting the shear stiffness of the top
layer of the CLT. In the latter, the different layers are modelled by shell
elements and the layers are coupled by beam elements with the stiffness
chosen according to the connection stiffness.

In this paper, an alternative LVL–concrete composite plate, with
a new dovetail joint connecting adjacent LVL panels, is introduced.
Its potential was shown by experimental and numerical investigations
in [19], which, due to the importance of the contact behaviour for
the joint, was preceded by the experimental investigations of timber–
concrete contacts in [20] and the development of a suitable interface
model for simulations in [21]. The shear connection between LVL and
concrete is provided by notches, which were was chosen due to their
biaxial load transfer capability. The choice was further supported by the
fact that the notches could be cut with the CNC machine that is anyway
needed for efficient manufacturing of the dovetail joint in practice.

The investigations concentrate on the serviceability limit state be-
haviour: the modal response and static deflection under a concentrated
load. The main aims were to investigate performance of the dovetail
joint and the effect of the supports conditions, as well as to develop a FE
model for predicting the vibration serviceability behaviour of two-way
TCC plates. The experimental part consists of testing two large rectan-
gular two-way plates (3.85 x 3.85 m2), one with dovetail joints and the
other with conventional step joints, with varying support conditions.
In addition, a plate strip with the dovetail joints (length 3.85 m) was
tested for a focused investigation on the lateral bending behaviour of
the connected plate. The tests consisted of experimental modal analysis
(EMA) to identify the natural frequencies, damping ratios and mode
shapes of the plates, as well as deformation measurements under a
concentrated load. Furthermore, a finite model is presented and its
predictions are validated against the experimental results.

2. Materials and methods

2.1. Overview

The experimental investigations included EMA, static deflection
tests and destructive tests on three TCC plates. Furthermore, post-
test measurements were performed to determine the thickness and

Table 1
Materials used in the experimental investigations.
Plates & material test samples

LVL Cross-banded LVL 63 mm (Kerto-Q [22])
Concrete Self-compacting concrete C30/37 [23],

maximum aggregate size 8 mm
Reinforcement Steel mesh 𝜙4 × 150x150 B500A [24]
Concrete grout Non-shrinking concrete grout C50/60-4 [23],

maximum aggregate size 4 mm
Screws Self-tapping screws 8 × 80 with flange head,

type TBS880 (Rotho Blaas srl, Italy)

Support frames

LVL LVL 39 × 66 (Kerto-T)
GLT Glued-laminated timber 90 × 215,

GL32c [25]
Screws Wood screws 6 × 120,

FXA (SwissTech Sourcing Ltd., Vietnam)

density of the concrete layer in the TCC plates, and material tests were
conducted to determine the material and interface properties for the
FE simulations. The materials used in the experimental investigations
are summarised in Table 1 for later references. All the preparations and
tests were done in the construction laboratory of Department of Civil
Engineering, Aalto University.

2.2. TCC plates

The TCC plates comprised a plate strip and two large square plates
(two-way plates; Plate 1 and Plate 2). The plates and construction de-
tails are illustrated in Fig. 1. All plates consisted of a LVL bottom layer
and a top layer of concrete, connected by notch connections with addi-
tional screws for uplift. The bottom layers were assembled from three
individual LVL panels. The plate dimensions were chosen according to
the available space of the testing facilities for the destructive tests. In
Plate 1 and the plate strip, the adjacent panels were connected by the
novel dovetail joint proposed in [19]. The dovetail joint consisted of
pre-cut dovetail patterns and a concrete grout interlayer that was cast
after assembly. Detailed illustrations of the dovetail joint are provided
in Fig. 2. In Plate 2, a conventional step joint was used and this plate
was included as a reference. The main purpose of the plate strip was
the investigation of the dovetail joint behaviour under isolated uniaxial
bending conditions.

The plates were constructed and tested on the supports illustrated
in Fig. 3a for the plate strip and in Fig. 3b for the two-way plates.
For stability, the supports for the plate strip were fixed to adjacent
walls by horizontal rods, and the supports for the two-way plates were
braced by plywood plates fixed to the corners of the frames. During the
assembly, additional intermediate supports were used under the joints.
Furthermore, the edges of the two-way plates were fixed to the supports
by nine, uniformly spaced screws per edge. The plate strip edges were
not fixed.

Prior to casting the interlayer, the dovetail joints were treated with a
single layer of polyurethane acrylate lacquer, brushed onto the contact
surfaces to prevent excessive moisture transfer from the concrete grout
to the wood. The concrete layer for the plates was cast two days
after the interlayer. After casting, the concrete surfaces were covered
with plastic film to prevent evaporation and wetted by spraying water
on them once a day for seven days. The intermediate supports were
removed prior to testing. All stages of the construction process and
the experimental investigation are summarised in Table 2. After the
removal of the intermediate supports, the corners of the two-way plates
were clearly elevated off from the supports despite being fixed with
screws. Also, due to shrinkage, the concrete layer had curled off from
the LVL on the edges and corners, and few small cracks were found on
the top surface.

The casting and the tests were performed within a 2.5-month period.
During the period, in the laboratory, the temperature varied between
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Fig. 1. Geometry of the TCC plates (a) and related construction details (b) with nominal dimensions in [mm].

Fig. 2. Geometry of the dovetail joint with nominal dimensions in [mm] and photos of the joint in Plate 1 before and after casting the interlayer.

Fig. 3. Structure of the supports for the plate strip and the two-way plates. Dimensions are in [mm].

20 and 22 ◦C with an average value of 20.6 ◦C and the relative humidity
varied between 13.5 and 31.5% with an average value of 22.6%.

2.3. Non-destructive tests

The non-destructive tests consisted of EMA and static load tests. For
the plate strip, the tests were conducted with only one type of support
condition, the plate supported on opposite ends (SFSF), as shown in

Fig. 4a. For the two-way plates, the tests were conducted on three
different support conditions; all edges supported (SSSS), three edges
supported (SSSF), and two opposite edges supported (SFSF), as shown
in Fig. 4b. The support conditions were altered by removing the upper
top plate of the support.

The EMA was performed using the roving-hammer method [26], in
which an accelerometer was fixed in a single location and the plate
was impacted at multiple points. The accelerometer was fixed by a
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Table 2
Construction and testing stages. The support conditions (SSSS, SSSF,
SFSF) are explained in Section 2.3.
Stage Time from casting

Dovetails joints cast −2 days
Plates cast 0 days
Curing treatment with water ends 7 days
Plastic sheets removed 14 days
Intermediate supports removed 17 days
Static testing (Plate strip) 18 days
Modal testing (Plate strip) 26 days
Modal testing (SSSS) 26 days
Static testing (SSSS) 33 days
Support 4 removed 33 days
Modal testing (SSSF) 33 days
Static testing (SSSF) 34 days
Support 2 removed 34 days
Static testing (SFSF) 35 days
Modal testing (SFSF) 38 days

magnet on a small steel plate that was glued on the bottom of the
TCC plate. Locations for the accelerometer were determined by prior
FE simulations, aiming for position where none of the modes had nodal
lines (lines with zero amplitude), within the frequency range of interest.
Three impacts were performed on each point for averaging. Recorded
samples were 4 s long with a frequency of 1024 Hz. All subsequent
processing was performed in Matlab [27]. The analysis was limited to
frequencies from 5 to 75 Hz, which allowed identification of 6–8 vibra-
tion modes that were considered sufficient for the aims of this study.
The modal parameters were estimated by Matlab implementation of
the least-squares complex exponential (LSCE) method [28]. For the
modal parameter estimation, the vibration modes were identified by a
stabilisation diagram and subsequent rejection of any mode containing
a clearly unphysical mode shape. The identified mode shape vectors
were normalised by the method in [29].

The static load tests were performed by placing a mass on the plate
and recording the deflection and slip in the chosen locations. In this
paper, only the deflections and slips, that were considered the most
important, are reported. All the deformations were normalised to a load
of 1 kN, which is often used as a criterion for serviceability verification
according to EN 1995-1-1 [1]. The normalised deflection and slip,
respectively, were calculated by

𝑤 =
𝑤

𝑚0 ⋅ 𝑔
⋅ 1 kN, 𝑠 =

𝑠
𝑚0 ⋅ 𝑔

⋅ 1 kN (1)

where 𝑤 and 𝑠 are the deflection and slip under the applied mass 𝑚0,
and 𝑔 = 9.81 m/s2 is the gravitational acceleration. All the values were
determined from the deformations of the unloading phase, i.e. removal
of the load, assuming it better represents of the elastic stiffness of the
system compared to the loading phase. The load was applied for ap-
prox. 2.5 min, after which it was removed. The unloading deformation
was determined between the moment just before the load removal and
0.5 min after load removal.

The loading positions and measurement points in the static tests
are shown in Fig. 4. The plate strip was loaded by a person (71.5 kg)
standing on the middle of the plate. The two-way plates were loaded
by lifting a weight loaded pallet (0.6 x 0.8 m2) onto the plate, as shown
in Fig. 5. The pallet had a 30 mm fibre board attached to the bottom
to distribute the stresses more evenly.

2.4. Destructive tests and post-test measurements

After the non-destructive tests (Section 2.3), destructive bending
tests were also performed on the plate strip (supported on both ends)
and the two-way plates (supported on four edges). The results, how-
ever, are not presented here since they are not relevant for the service-
ability behaviour of the plates. Furthermore, comparison between the

plates was difficult due to variations in the concrete layer thickness and
deflection measurement problems encountered during the destructive
tests.

After the destructive tests, both two-way plates were demolished by
cutting them in three parts and thicknesses of the concrete layers were
found to have significant variations. Furthermore, it was suspected that
concrete compaction level of the plates was different from compaction
level of compression specimens (Section 2.5). Therefore, 36 core sam-
ples with a nominal diameter of 𝜙45 mm were drilled from the concrete
layers of the two-way plates to estimate the thickness and density of the
concrete. The thickness measurement was supplemented by measuring
the concrete thickness along the cutting lines at every 200 mm.

2.5. Material tests

The material tests consisted of tests on concrete, LVL and the notch
connections. For concrete, the compressive strength and modulus of
elasticity (MOE) was determined according to Standards [30,31] from
cylinders that were cast from the concrete batch used for the plates.
The cylinders were cured in the same space with the plates and the tests
were conducted at 21, 28 and 77 days age to monitor the development
of the strength and stiffness. As an important note, the air content of
the concrete, as measured during casting the cylinder specimens, was
unusually high, 11.5%.

The tests for LVL consisted of compression and bending tests, par-
allel and perpendicular to the grain, with specimens cut from the
remaining pieces of the panels. The compression tests were used to de-
termine the in-plane compressive MOEs and strengths. The compression
tests were performed according to [32] (compression test parallel to
the grain), with adapted specimen dimensions (𝑏 x 𝑙 x ℎ = 63 x 50 x
180 mm3). The bending tests were used to determine the bending
MOEs and strengths as well as the out-of-plane shear moduli. The
bending tests were performed as four-point bending tests as described
in [32]. Due to the size limitations of the testing device, the sizes of
the specimens were 𝑏 x ℎ x 𝑙 = 50 x 63 x 1260 mm3 with a span of
1.2 m and a distance of 0.4 m between the loading points. The bending
MOE and the shear modulus were calculated from the measured global
and local deflections between 10% and 40% of the ultimate load.
Furthermore, for each LVL specimen, the density and moisture content
was determined.

The notch connections were tested by push-out tests with the device
described in [14]. The specimens contained a similar notch and were
cast from the same concrete batch, as the plates. The tests included two
set of specimens: the first set was tested 25 days after casting and the
second set was tested 74 days after casting. In the first set, the contact
area between LVL and concrete was 300 x 450 mm2, but due to an
unexpectedly strong bond between the concrete and the LVL (in some
instances with higher strength than the notch itself), the contact area
for the second set was reduced to 250 x 350 mm2 (approximately equal
to the area per notch in the plates) by cutting the concrete.

3. Experimental results

3.1. Plate strip

In the EMA for the plate strip, seven vibration modes were iden-
tified, summarised in Fig. 6. All the modes were clearly distinguished
in the experimental frequency response function (FRF). Therefore, it is
assumed that all the existing natural frequencies were identified within
the range of interest. From the static load tests, normalised point load
deformations were 𝑤1 = 1.45 mm, 𝑠1 = 3.6 μm and 𝑠2 = 3.7 μm, for the
mid-point defection and slips at the ends, respectively.
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Fig. 4. Impact and reference points for modal testing, measurement and load locations for static testing and support conditions for (a) the plate strip and (b) the two-way plates.

Fig. 5. The two-way plates; static tests as well as general coordinate systems (𝑥, 𝑦) and edge numbering (red circles) to help identifying orientation of the plates compared to the
other illustrations.

Fig. 6. Experimentally identified modes with corresponding natural frequencies (𝑓 ) and damping ratios (𝜁) for the plate strip.

3.2. Two-way plates

The results from the EMA and the static tests are summarised in
Tables 3 and 4, respectively. The vibration modes were numbered based
on the order of appearance. Additionally, in Section 5.2.1, experimental
mode shapes and natural frequencies of the four lowest modes are
illustrated and compared with the corresponding modes from FE simu-
lations. It has to be noted that there were small resonant peaks in the
experimental FRF that were too weak for identification. Furthermore,
there were differences between the experimental and identified FRFs

around the resonant frequencies, in some parts of the frequency range.
Thus, it is possible that there were additional natural frequencies that
could not be identified since the signal was too weak, or they were
hidden by other closely spaced modes.

The mean densities for the concrete in Plates 1 and 2 were
2124 kg/m3 and 2113 kg/m3, respectively. In these values, only the
core samples without visible reinforcements or spacers in them, were
considered. These values were considerably higher than the densities
of the compression specimens, as suspected.
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Table 3
Estimated modal parameters (natural frequencies 𝑓 and damping ratios 𝜁) for the two-way plates including average damping ratios and ages at testing for each
case.

SSSS SSSF SFSF

Plate 1 Plate 2 Plate 1 Plate 2 Plate 1 Plate 2

Mode 𝑓 [Hz] 𝜁 [%] 𝑓 [Hz] 𝜁 [%] 𝑓 [Hz] 𝜁 [%] 𝑓 [Hz] 𝜁 [%] 𝑓 [Hz] 𝜁 [%] 𝑓 [Hz] 𝜁 [%]

1 15.7 2.3 15.5 4.2 11.3 2.4 11.1 2.8 10.8 2.5 10.8 2.6
2 29.8 2.5 28.7 5.1 19.2 1.6 19.1 2.0 11.9 2.4 11.9 3.0
3 37.8 3.2 38.1 4.5 31.8 4.1 33.4 3.1 24.0 1.5 25.0 1.6
4 51.1 3.0 43.8 5.5 38.5 2.0 38.3 2.8 31.3 3.7 33.0 2.7
5 53.9 4.1 54.6 2.8 48.2 2.5 49.2 2.6 44.8 3.8 46.3 2.6
6 68.9 1.5 68.4 2.5 55.9 3.3 55.6 4.7 47.9 1.5 48.6 1.3
7 – – – – 67.0 1.4 65.0 2.1 54.5 3.5 56.0 4.0
8 – – – – – – – – 65.3 1.3 64.7 1.9

Average 𝜁 2.8 4.1 2.5 2.9 2.5 2.5

Agea 26 26 33 33 38 38

aAge of the concrete during the testing [days].

Table 4
Experimental normalised deflections and slips under concentrated load for the two-way
plates.

SSSS SSSF SFSF

Plate 1 2 1 2 1 2

𝑤1 [mm] 0.255 0.235 0.266 0.258 0.299 0.278
𝑤2 [mm] 0.018 0.019 0.166 0.181 0.158 0.185
𝑠1 [μm] 0.97 0.70 0.70 0.58 0.96 0.60
𝑠2 [μm] 0.51 0.44 −0.07 0.06 −0.09 0.00

Fig. 7. Concrete thickness [mm] over the two-way plates estimated by fitting to the
thickness measurements of drilled core samples (o) and from cut edges (+).

To compare the concrete thickness between the two-way plates,
approximate thickness profiles were produced from the local thickness
measurements by the curve fitting toolbox available in Matlab [27], us-
ing locally weighted regression technique with the ‘lowess’ option. The
resulting thickness profiles and the locations for the local measurements
are illustrated in Fig. 7. The average thickness of the LVL panels was
64 mm.

3.3. Material tests

Results from the material tests are summarised in Table 5. Due
to the strong bonding in the LVL–concrete interface, the stiffnesses of
the notch connections themselves could not be determined. However,
cohesive strength 𝜏c (estimated from the contact area and the slip
initiation force), cohesive stiffness 𝑘c (estimated from the contact area
and the initial force–slip stiffness) and ultimate load 𝐹u (the maximum
force after bond failure) are reported here. It should be noted that
although the cohesive strength was similar for the different ages, there
was a significant increase in the ultimate strength from 25 days to 74
days of age. Potentially, the difference was a result of the LVL drying
around the notches, thus leading to a higher compressive strength of the
LVL. However, this could not be verified with the existing test data.

3.4. Discussion

From the plate strip modal test, it is apparent that the supports pos-
sessed significant flexibility, judging by the relatively large amplitudes
at the supports. Likely, this had a considerable effect on the natural
frequencies of the plate, except for the modes 1 and 4 since they had
approximately zero amplitudes at the supports. As a specific detail, the
modes 3 and 4 had similar mode shapes, disregarding the amplitudes
at supports. However, they are different vibration modes judging by
a clear modal separation of 9 Hz. The damping ratios of the plate
strip were 1.6–3.3%, agreeing with typical damping ratios for TCCs
(about 2.5%) according to [12]. Also, the damping ratios show a clear
decreasing trend with increasing mode order.

Considerable support flexibility was also observed in the two-way
plate vibration tests. As a result, only the first mode shapes were close
to the theoretical mode shapes of simple supported plates. In contrast
to the plate strip, the damping ratios vary from mode to mode. The
fundamental natural frequencies in the SSSS case were 45% and 44%
higher (for Plates 1 and 2, respectively) compared to the SFSF case. The
difference is very close to the 43% obtained by Kreis [9], indicating a
similar level of two-way action.

By comparison, both two-way plates displayed similar mode shapes
(see Section 5.2.1) with small differences between the natural frequen-
cies. The most noteworthy difference is that the SSSS mode 4 for Plate 2
that does not appear for Plate 1. However, this mode had a fairly weak
peak in the FRF for Plate 2, and it is possible that a similar mode existed
in Plate 1 but was too weak to be identified. Furthermore, comparisons
between Plates 1 and 2 identify that the latter had a damping ratio over
1% higher in the SSSS case. However, the difference decreased when
the support conditions were changed. In the SFSF cases, both plates
have the same damping ratio on average. It is possible that different
damping characteristics were caused by the different joints but since
only two plates were tested, it was not possible to verify this. In the
static tests, the mid-point deflections for Plate 1 were clearly larger
than for Plate 2. On the edge, however, opposed to what would be
expected, Plate 2 had larger deflections, possibly due to the different
support stiffnesses or corner uplift conditions.

Initially, it was expected that Plate 1 would be stiffer compared
to Plate 2 due to continuity provided by the dovetail joint. However,
the natural frequencies were almost the same and the static mid-point
deflections were even smaller in Plate 2. One clear reason for the
higher stiffness of Plate 2 was the thicker concrete layer. Another
reason might be that the actual stiffnesses of the connections differed
from the expected ones. The high stiffness of the dovetail joint was,
however, confirmed in the plate strip test. Alternatively, the concrete
shrinkage may have pressed the step joint together, creating significant
continuity. This phenomenon was therefore adopted to and investigated
with the numerical model.
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Table 5
Results from the material tests. The values are averages with the coefficient of variation shown in parenthesis ().
Concrete (3+3+3 samples)

Age [days] 21 28 77
Density 𝜌 [kg/m3] 2074 (0.02) 2055 (0.02) 2033 (0.00)
Compressive strength 𝑓c [MPa] 37.2 (0.09) 38.1 (0.04) 39.2 (0.04)
Initial secant modulus 𝐸c,0 [GPa] 19.2 (0.09) 20.3 (0.04) 20.4 (0.06)
Stabilised secant modulus 𝐸c,s [GPa] 22.6 (0.08) 22.8 (0.04) 22.4 (0.05)

LVL compression tests (12+12 samples)

Grain orientation Parallel Perpendicular
Moisture content [%] 9.8 (0.01) 9.7 (0.02)
Density 𝜌 [kg/m3] 518 (0.01) 478 (0.01)
Compressive MOE 𝐸c [MPa] 11246 (0.08) 3018 (0.08)
Compressive strength 𝑓c [MPa] 39.3 (0.02) 12.2 (0.06)

LVL bending tests (8+6 samples)

Grain orientation Parallel Perpendicular
Moisture content [%] 9.8 (0.04) 9.8 (0.02)
Density 𝜌 [kg/m3] 512 (0.02) 496 (0.04)
Bending MOE 𝐸m [MPa] 10746 (0.04) 2900 (0.12)
Shear modulus 𝐺 [MPa] 116 (0.14) 40 (0.22)
Bending strength 𝑓m [MPa] 42.9 (0.08) 14.3 (0.19)

Notch connection tests 25 days age (4+3 samples) and 74 days age (3+3 samples)

Grain orientation Parallel Perpendicular Parallel Perpendicular
Age [days] 25 25 74 74
Cohesive stiffness 𝑘c [MPa/mm] 4.90 (0.58) 1.54 (0.65) 3.29 (1.73) 1.21 (0.58)
Cohesive strength 𝜏c [MPa] 0.23 (0.16) 0.20 (0.19) 0.23 (0.65) 0.19 (0.19)
Ultimate load 𝐹u [kN] 43.3 (0.05) 29.9 (0.02) 56.1 (0.06) 36.7 (0.04)

Since the plate tests were conducted at different ages, there is an
uncertainty related to the concrete properties, especially for the plate
strip static tests at the age of 18 days. However, the concrete MOE
showed only small differences between the 21–77 days of age and
therefore only a small effect is expected.

4. Numerical model

4.1. General

In this study, a coupled shell approach for modelling the TCC plates
was adopted. The simulations were performed in Abaqus [33]. The
plates were modelled using 8-node continuum shell elements (SC8R),
each part (concrete layer, LVL panels, dovetail joint region) modelled
individually. Concrete reinforcement was accounted with two orthog-
onal rebar layers in the mid-plane of the shell section of the concrete
layer, with the nominal rebar diameter and spacing. The varying thick-
ness of the concrete layer was accounted for by adjusting the horizontal
positions of the nodes on the top surface of the concrete layer after
meshing, according to the measured thicknesses shown in Fig. 7.

The interaction between concrete and LVL parts was accounted for
by general contact (general contact definition in Abaqus). The contact
was applied uniformly over the whole interface, between concrete and
LVL parts, except on a 0.1 m wide region along the plate edges. On
the edges, only compressive normal interaction was defined to account
for the (observed) curling due to the shrinkage. The connection type
between adjacent LVL panels was plate-dependent. For Plate 1 and the
plate strip, the dovetail joints were represented by 0.08 m wide dovetail
parts. They were modelled by continuum shell elements (SC8R) and
connected to the adjacent parts by tie constraints. For Plate 2, the step
joints were modelled by the general contact between the adjacent LVL
part edges.

Flexibility of the supports had a significant influence on the re-
sponse of the plates. Therefore, support flexibility was included in the
simulation model. The supports were simulated by surface-to-surface
contact between support parts (SC8R elements) and the bottom surfaces
of the LVL and dovetail joint parts. It should be noted that the purpose
of the support part was only to provide a contact surface and aid in
visualisations. The model is illustrated in Fig. 8.

Although the contact-based approach for modelling flexible sup-
ports may require a larger mesh refinement, it is considerably easier
to implement compared to using node-based spring elements, for which
the stiffness needs to be defined individually depending on the location
and size of the associated elements. Element size 𝐿∕64 (𝐿 = 3.85 m),
which was selected based on mesh convergence study, was used for
all the modelled parts. The total number of nodes in the models were
74 136 (Plate 1) and 75580 (Plate 2).

4.2. Loads and simulation procedure

Three types of loads were considered in the simulations; self-weight,
concentrated static load and concrete shrinkage. The self-weight was
applied as a body load. For the static load, load under the pallet was
assumed to be shared equally under its long sides (see Fig. 8). The load
was applied as uniform pressure over the assumed load distribution
area. Shrinkage was included since it has a significant effect on the
support conditions, as the shrinkage of the top layer tends to lift
the corners and edges up (cupping). Shrinkage strains were simulated
with uniform imposed strains over the concrete layer. It is noted that
moisture content variations in the LVL might have caused additional
deformations but since there was no measured data, this effect was
neglected in the model.

The body force for the self-weight was calculated from the defined
densities for each material. The pressure for the static load was selected
so that the total force is equal to 1 kN. The shrinkage before each
step corresponds to the age of the concrete at the following step. The
strains were calculated according to fib Model Code 2010 [34] with
𝑅𝐻 = 22.5%, cement type ’42.5 N’ and drying shrinkage beginning
when the plastic films were removed (age of 14 days). The fact that
self-compacting concrete was used, was accounted for by multiplying
shrinkage strains by 1.2 as suggested in [34].

All plates were analysed by single simulations, in which the self-
weight, changes in the support conditions and static loads were in-
troduced incrementally, following the actual order of the construction
and testing steps (see Table 2), with an additional shrinkage load step
applied before each step. The changes in the support conditions are
accounted for by deactivating the supports. All the static load steps
were performed as non-linear quasi-static analyses. Furthermore, the
natural frequencies were extracted by linear eigenvalue analysis steps
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Fig. 8. Finite element model for Plate 1.

included in the simulation according to Table 2. It should be noted
that the static loads were not carried on the subsequent steps; the
simulation always continued from the base state, prior to applying
the static load. Since the node locations do not necessarily coincide
with the measurement point locations, interpolation between the nodal
values was used to extract the results.

4.3. Constitutive models and parameters

Only low load levels were considered in the simulations. Thus,
linearly elastic material models were adopted for all the materials:
isotropic for the concrete and steel, and orthotropic for the LVL and
dovetail parts. The material properties are summarised in Table 6,
where subscripts 𝑥 and 𝑦 refer to directions in Fig. 8 and z refers to
the out-of-plane direction.

The difference in the measured densities of the concrete (compres-
sion test specimens and core samples) indicated that the MOE in the
plate was likely higher than the MOE measured in the compression
tests. To account for this, the MOE was adjusted according to the
difference in the air content, which was about 4%. Based on the
regression models presented in [35,36], reduction of the air content
by 4% (from 11.5%), for concrete with similar w/c-ratios as in the
concrete in this study, leads to increases of about 15% and 21% in
the MOE, respectively. The Poisson’s ratio was selected according to
the value for the uncracked concrete in [34] and the density was an
average from the core sample measurements from Plates 1 and 2. The
properties for the LVL were based on the material tests (𝐸x, 𝐸y, 𝐺xz,
𝐺yz) and manufacturer’s certificate [22] (𝐺xy), and the Poisson’s ratio
from the previous investigation [19] was used.

Based on the comparison between the experimental and numeri-
cal results of the plate strip tests, modelling the dovetail joint with
the same elastic properties as the LVL, provides a good agreement.
However, simulations with the model presented in [19] indicate a
considerably lower stiffness. The discrepancy between the simulation
and the experimental observation is likely related to the cohesive
stiffness parameters in the simulation. They are the most significant
parameters on the joint’s initial stiffness. However, lack of test data
prevented validation of the used values. Therefore, the equivalent
elastic properties of the dovetail joint were based solely on the Plate
Strip tests and were the same as the LVL elastic properties. The density
of the dovetail part was calculated based on the geometry of the joint,
assuming a density of 2400 kg/m3 for the concrete grout.

The LVL–concrete interface behaviour was defined by hard contact
in compression, and linear cohesive stiffnesses in tension and in shear.
The shear stiffnesses were estimated by the cohesive stiffnesses from the
notch connection tests (25 days) and adjusted based on comparisons
between experimental and predicted slips in the plate strip tests. For
the normal stiffness 𝑘n, a large value was chosen to allow virtually

Table 6
Material and LVL–concrete interface properties in the FE models.

Concrete Steel

Elastic modulus [GPa] 𝐸 26.5 200
Poisson’s ratio 𝜈 0.2 0.3
Density [kg/m3] 𝜌 2120 7850

LVL Dovetail

Elastic moduli [GPa] 𝐸x 11 11
𝐸y 3 3

Poisson’s ratio 𝜈xy 0.1 0.1
Shear moduli [GPa] 𝐺xy 0.6 0.6

𝐺xz 0.12 0.12
𝐺yz 0.04 0.04

Density [kg/m3] 𝜌 510 955

LVL–concrete interface

Shear stiffnesses [MPa/mm] 𝑘s,x 5
𝑘s,y 2.25

Normal stiffness [MPa/mm] 𝑘n 1000

no separation between the layers. The interface stiffness properties are
shown in Table 6.

The axial stiffness of the supports was described by a non-linear
force–displacement relation illustrated in Fig. 9a. The quadratic part
in compression assumes initial gaps between components, which close
gradually with increasing compressive displacement. The linear part
accounts for the stage where the gaps have fully closed and the stiffness
depends only on the components of the support. In tension, the linear
load–displacement response accounts for the uplift stiffness of the
whole support assembly, including screws and anchors to the floor.

The load–slip relation was defined by the tensile stiffness 𝐾N,t ,
initial gap 𝑢0 (defining the size of the quadratic part) and compressive
stiffness 𝐾N,c (slope of the linear part in compression). For the initial
gap, 𝑢0 = 0.5 mm was assumed. The compressive stiffness was esti-
mated as 𝐾N,c = 20 kN/mm/m, based on an approximate analytical
model, where axial stiffness at each stud was estimated by a series
of springs (bottom plate, stud and two top plates) and smeared over
a unit length by dividing by the stud spacing. The spring stiffnesses
for the top and bottom plates were estimated assuming that stresses
spread out at a 45◦ angle. Furthermore, the nominal dimensions and
the mean MOE of the LVL (Kerto-T) parallel to the grain and perpen-
dicular to grain (flatwise) were used in the calculation. Due to the
highly complex load transfer mechanism in tension, the tensile stiffness
could not be reliably calculated so it was roughly approximated as
𝐾N,t = 1/8𝐾N,c = 2.5 kN/mm/m.

Horizontal stiffness of the support was assumed to have a negligible
effect on the plate behaviour. However, to prevent rigid body motions,
small shear stiffnesses were defined. Since the supports were presented
by area contacts, the stress–displacement relations for the model were
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Fig. 9. Defined load–displacement relations for (a) the edge and the intermediate
supports and (b) the contact between the panel edges for Plate 2.

obtained by dividing the force by the width of the contact area. For the
intermediate supports, stud spacing was twice the spacing of the edge
supports. Thus, the intermediate supports were assumed to have half
the compressive stiffness of the edge supports and no tensile stiffness,
as the plate was not fixed to the intermediate supports.

The contact between the panels (Plate 2) was defined by com-
pressive normal behaviour: if the contact separates, no stresses are
transferred, if the contact closes, the normal stresses are defined by a
quadratic stress–displacement relation shown in Fig. 9b.

The simulations were performed on a standard desktop computer
(2.10 GHz CPU, 16 GB RAM), resulting in computation times of 31 min
(Plate 1) and 35 min (Plate 2). The long computation times resulted
from the large number load steps and non-linearities caused by the
contacts and deactivation of supports.

4.4. Adjustments for the plate strip

The plate strip tests were simulated with a similar model as the
two-way plates, except that the dimensions of the plate were adapted,
support conditions covered only the SFSF case and the static load
was applied on a 0.1x0.1 m2 area in the centre of the plate. The
compressive stiffness of the supports was also adapted, based on the
different material and geometry of the supports. Using a similar analyt-
ical approximation as for the two-way plates (see Section 4.3), yielded
a compressive stiffness of 𝐾N,c = 75 kN/mm/m. The initial gap was
assumed the same as for the other supports (𝑢0 = 0.5 mm) and tensile
stiffness was set to zero since no screws were used. The plate strip
model had 27882 nodes in total and the computation time was 4.5 min.

5. Model results

5.1. Plate strip

Comparisons between the experimental and numerical deflection,
slip and fundamental frequency are presented in Table 7, and a detailed
comparison of the natural frequencies and mode shapes are shown in
Fig. 10. The vibration modes were predicted between 7 and 70 Hz.
There is a good agreement between the experimental and numerical
results with less than 10% prediction error, however, stiffness is fairly
underestimated. With respect to modal analysis, it should be noted
that while most modes have similar shapes and the natural frequencies
are consistent with the experimental results, the model predicts only a
single S-shaped mode (mode 3), instead of two separate experimental
S-shaped bending modes (mode 3 and 4).

Table 7
Comparison of experimental and numerical results for the plate strip tests. Err% is the
relative error of the numerical prediction in [%].

Experimental Numerical Err%

𝑤 [mm] 1.45 1.50 3.4
𝑠 [μm] 3.65a 3.3 −6.3
𝑓1 [Hz] 8.1 7.7 −4.9

aAverage from the two ends.

5.2. Two-way plates

5.2.1. Modal analysis
The model was used to predict the vibration modes with natural

frequencies from 10 to 70 Hz for each case, which was a large enough
range to find all the similar modes, as obtained from the experimental
investigations. Accuracy of the predictions was evaluated in two steps.
First, the experimental modes were matched to the corresponding
numerical modes by correlations between the mode shapes, and second,
the natural frequencies of the matched modes were compared. The
mode matching was performed by calculating Model Assurance Crite-
rion (MAC) [26] between all the numerical and experimental modes,
and for each experimental mode, the matching numerical mode was the
one with the highest MAC value. The MAC value for a pair of modes is
calculated by

𝑀𝐴𝐶𝑖,𝑗 =
|

|

|

𝝓T
𝑖 𝝓𝑗

|

|

|

2

(

𝝓T
𝑖 𝝓𝑖

)

(

𝝓T
𝑗 𝝓𝑗

) (2)

where 𝝓𝑖 is the mode shape vector for numerical mode 𝑖 and 𝝓𝑗 is the
mode shape vector for experimental mode 𝑗. However, there existed
also numerical modes that did not appear in the experimental results.
Furthermore, while most of the modes could be easily matched, there
were particular experimental modes that had almost the same MAC
with two adjacent numerical modes. These modes also had lower MAC
values compared to other matching modes. Fig. 11 shows the four low-
est numerical modes, plotted against the matched experimental modes
and Fig. 12 shows the natural frequencies of all the experimentally
identified modes compared to the natural frequencies of the matching
numerical modes.

5.2.2. Static load deflection
Comparisons of the experimental and numerical normalised de-

formations are shown in Table 8. The comparisons include only the
deflections since it is usually the measure of interest regarding ser-
viceability. Predictions related to the mid-point deflections were fairly
accurate. However, deflections on the edge of the plates were less
accurate, especially for Plate 2. This discrepancy is further discussed
in Section 5.3.

5.3. Discussion

The model predictions had a wide agreement with the experimental
data. The model was able to predict the natural frequencies with correct
mode shapes although small deviations existed. Also, the static load
deflections at the loaded location, were predicted within approx. ±5%
error. The largest differences were related to the static load deflections
on the edge of the two-way plates. For Plate 1, the deflections were un-
derestimated by 10–12.5%, and for Plate 2, they were underestimated
up to 30.4%. While the differences related to Plate 1 could have been
potentially caused by e.g. variation of stiffness between LVL panels,
the differences related to Plate 2 were too large to be explained by
the variation of the material properties. Multiple effects, e.g. varying
LVL stiffness, different step joint compressive stiffnesses and different
interlayer stiffnesses, were tested with simulations, but none of them
could explain the observed difference between the experiment and the
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Fig. 10. Comparison of experimentally identified and numerical mode shapes for the plate strip. Numerical modes have been aligned with the experimental modes by matching
the mode shapes.

Fig. 11. Comparison of four lowest, matched experimental and numerical modes for the two-way plates.

Table 8
Experimental and numerical normalised deflections for the two-way plates. Err% is the relative error of the numerical
prediction in [%].

SSSS SSSF SFSF

Exp. Num. Err% Exp. Num. Err% Exp. Num. Err%

Plate 1 𝑤1 [mm] 0.255 0.262 2.7 0.266 0.281 5.5 0.299 0.298 −0.4
𝑤2 [mm] 0.018 0.016 −12.3 0.166 0.148 −10.5 0.158 0.138 −12.5

Plate 2 𝑤1 [mm] 0.235 0.246 4.5 0.258 0.257 −0.7 0.278 0.268 −3.6
𝑤2 [mm] 0.019 0.015 −24.0 0.181 0.133 −26.3 0.185 0.129 −30.4

simulation. It is likely that the differences were caused by the effects
that were not accounted for in the model, such as varying support
stiffness, different curling pattern due to shrinkage, or effects of creep.
However, as mentioned in Section 3.4, Plate 2 had an unexpectedly
large edge deflection compared to Plate 1 and a clear reason could
not be pointed out. Further validations are needed to find whether this

particular discrepancy was caused by the model or inaccuracies in the
test setup.

The comparison between the plate strip tests and simulation suggest
that the dovetail joint provides a stiffness that is similar to the stiffness
of an intact panel. However, it has to be noted that, only one single
strip was tested. The finding is supported also by the simulations for
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Fig. 12. Comparison of the natural frequencies between experimental modes and matched numerical modes for the two-way plates. The black line represent equal natural
frequencies and the dashed red lines represent ±10% prediction error bounds.

Plate 1, where the assumed stiffness provided a good agreement with
the experimental data.

In the model for Plate 2, it was assumed that the joint transfers axial
stresses under compression (which is caused by concrete shrinkage).
Validity of this assumption was tested by an additional simulation with
a zero compressive stiffness assigned to the step joints. Compared to the
base case (compressive stiffness accounted for), the prediction errors
were significantly larger. Maximum error in natural frequencies was
over 21% and deflections due static loads were larger in the centre (up
to 11% error) and lower on the edges (up to 43% error). This shows that
continuity induced by the joint being pressed together by shrinkage is a
plausible explanation (together with the larger thickness of the concrete
layer) for the unexpectedly small difference between Plates 1 and 2.
However, even if this shrinkage-induced compression between adjacent
panels is able to provide lateral continuity, it can hardly be considered
as a reliable load transfer mechanism over the service life that could
be applied in the practical design of TCC floors. Still, the phenomenon
should be further investigated for better understanding.

A noteworthy difference between the experiments and model pre-
dictions was that not all predicted vibration modes appeared in the
experimental results. However, based on the simulations, in a large
portion of the numerical mode shapes that did not appear in the
experimental results, the reference (accelerometer) location is very
close to the nodal line (lines with a zero amplitude) of the predicted
mode shapes. In total, in 10 out of 14 non-matched numerical modes,
the reference point was close to or directly at the nodal line. Based on
this, it is possible that many of the modes that could not be matched,
existed in the experimental plates but could not be identified due to too
low accelerations at the reference location. Alternatively, it is possible
that the model could not produce all of the modes of the real structure
due to inaccuracies or simplifications. However, validating this was
not possible with the existing data. In the planned follow-up studies,
multiple accelerometers will be used to avoid potential problems with
the placement. In addition, the early simulations used to select the
reference locations did not account for the support flexibility, leading to
inaccurate predictions of the mode shapes and therefore, a suboptimal
placement of the reference points. With the refined model, uncertainty
related to the effective placement of the accelerometers can be reduced.

6. Conclusion

In this paper, experimental and numerical investigations of two-way
LVL–concrete composite plates are presented. The experimental inves-
tigations included modal tests and static load testing of two two-way

plates with different connections between the LVL panels; a dove-
tail joint and a conventional step joint. Also, a one-way plate strip
with the dovetail joint was investigated. The main aims of the study
were to investigate the overall vibration behaviour of a two-way plate
with the dovetail joint (providing lateral continuity between individual
LVL panels) and the effects of different support conditions. The plate
with the step joint was included as a reference, and the plate strip
for investigating the joint’s behaviour under uniaxial bending condi-
tions. Furthermore, a numerical model for the plates, including flexible
supports and concrete shrinkage effects, is presented and validated,
showing a wide agreement with the experimental results. The model
is able to predict the natural frequencies and point load deflections at
the loaded position with less than 10% errors and predict correct mode
shapes. However, there are differences related to the predicted modes
and larger errors in the deflections on the edge of plate.

Based on the experimental results and numerical simulations, panels
that are connected with the dovetail joint have a stiffness similar
to a continuous panel. The experimental results showed a significant
increase of the plate stiffness with two-way conditions compared to
one-way conditions; with the measured natural frequencies being about
45% higher, which agrees also with other related studies. The point
load deflection at the centre of the plate decreased by about 9% with
the two-way conditions.

Although a significantly higher stiffness was expected from the plate
with the dovetail joint compared to the reference plate, the results are
very similar for both plates. Partly, this discrepancy was explained by
the significantly thicker concrete layer in the reference plate due to
construction tolerances. However, the step joint can potentially provide
significant continuity between LVL panels due to pre-stress caused by
the concrete shrinkage pressing joint surfaces together. This assumption
was validated by numerical comparison, but further investigations are
needed on the topic and the effect could hardly be considered a reliable
method of providing continuity between panels in design.

The results show a clear potential for improving the vibration
behaviour by designing the floors as two-way TCC systems. However,
the number of the experiments was limited and the plates had shorter
spans than a typical TCC floor plate. The presented model, however, is
considered theoretically valid for any span, as long as the plate is thin
or moderately thick. Furthermore, the model showed a good agreement
with the experiments and is therefore considered suitable for studying
the effects of different spans, cross-sections and connections for two-
way TCC plates. It is clear though that the accuracy of the model should
be validated also for longer spans. The study shows also an important
issue related to the modelling of plates on flexible supports: if the
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supports exhibit significant flexibility and/or the uplift can occur in
the corners, the vibration modes can be significantly different from the
theoretical modes for simply supported plates. Therefore, it is essential
to identify the mode shapes and perform mode matching for the model
validation in those cases.
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