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ABSTRACT

The trend towards engineered wood and, as a result,
lightweight constructions has led to noise and vibration
design challenges. One such challenge that is currently
an active research topic is flanking sound transmission
through connected building elements. Mass timber build-
ings are typically formed by connecting cross-laminated
timber panels, whereby the type and number of joints used
to form a connection can vary depending on the design and
purpose of the building. The variety of connector types
and implementations poses challenges for the prediction
process. Moreover, the connection of the simpler panel
subsystems gives rise to emergent behaviour, resulting in
a complex dynamic system. As a first step, to better pre-
dict flanking sound transmission and to correctly simulate
the junction mechanics in vibroacoustic numerical mod-
els, it is important to understand the emergent dynamic
behaviour due to the connection of these structural ele-
ments. This contribution presents a detailed experimen-
tal modal analysis of a scaled cross-laminated timber L-
junction structure. The mock-up is considered represen-
tative of a cross-section that would be encountered in the
practice. The experimental modal analysis examines three
different L-junction configurations to deduce the contribu-
tion of both the brackets and the resulting contacting panel
interfaces to the system’s dynamic behaviour.
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1. INTRODUCTION

Due to its lightweight yet stiff nature, Cross-Laminated
Timber (CLT) is a popular structural element choice for
the construction of mass timber buildings. While this
property is generally beneficial, it poses vibration service-
ability and acoustic design challenges.

One approach to help address these challenges is the
development of methods and models to characterise and
predict the behaviour of CLT structures. This has been
considered at several scales, from individual elements
[1-3] to operational mid-rise structures [4,5]. While each
modelling scale has its own challenges, modelling at a
junction scale has a unique challenge since, here, not just
material properties play a crucial role but also the intricate
dynamics of the connections [6].

This contribution takes an experimental approach to
considering the role of connection dynamics with the view
of developing models to accurately predict flanking sound
transmission across CLT elements. An experiment was
designed with the intent to isolate and determine the con-
tributions of the connectors and contact between plate in-
terfaces on the modal response of a system. To achieve
this, three structurally isolated L-junction configurations
were investigated: (1) An L-junction connection with two
standard steel angle brackets and contact between plate in-
terfaces; (2) The same L-junction connection as (1), but
with a 3mm gap between the plate interfaces; (3) The
same L-junction as (1), but with no angle brackets.

2. BACKGROUND AND THEORY

In order to compare and correlate the experimentally fitted
modes, a shape-based index, namely the Modal Assurance
Criterion (MAC), is chosen. The MAC has diverse appli-
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cations not just for mode pairing, but also for for eigen-
mode error analysis [7]. Such an example is the use of the
AutoMAC to check against spatial aliasing. For assessing
MAC (and AutoMAC) indices, values of 0.9 or greater are
considered to be well-correlated eigenmode pairs and val-
ues of 0.1 or less are considered to be uncorrelated eigen-
mode pairs for the purpose of this contribution. Further
discussion of the benefits, limitations, and interpretation
of this shape-based index can be found in Refs. [7, 8].

3. MATERIALS AND METHODS
3.1 Experimental set-up

The experimental set-up involved vibration measurements
of three CLT L-junction configurations. The L-junction
configurations were each formed by connecting two 3-ply
CLT plates denominated as CLT060C1 and CLT100A1,
respectively. The geometrical properties of the plates are
presented in Table 1.

Table 1. Geometrical properties of the experimen-
tally investigated plates. Namely length a, width b,
individual layer thickness ¢;, and lay-up.

Plate ID a(m) b((m) t; (mm) Lay-up (°)
CLT100A1 2.87 [30/40/30]
CLT060C1  1.52 114 [20/20/20] [90/0/90]

A schematic of the L-junction formed by the two
plates and the three different configurations is presented
in Fig. 1. The three different configurations of the L-
junctions were formed by using different joining meth-
ods to connect the two plates along their respective short
edges, labeled as DA in Fig. 1. The configurations are
designated as follows. 0G2B is the case for using two
brackets (2B) and contact, that is, a 0mm gap (0G) be-
tween the plates when forming their connection. 3G2B is
the case for using two brackets (2B) and no contact, that is,
a 3mm gap (3G) between the plates when forming their
connection. 0GOB is the case for using no brackets (0B)
and contact, that is, a 0 mm gap (0G) between the plates
when forming their connection.

The brackets used to form the connection for configs.
0G2B and 3G2B were standard steel angle brackets with
product number. The brackets had global dimensions of
90 x 90 x 65 x 2.5 mm and were offset 150 mm from the
long edge of the plate and fastened with 8 wood screws per
bracket. The screws had a thread length of 40 mm and an
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Figure 1. Schematic of the experimental set-up. (a)
Schematic of the experimental set-up indicating pla-
nar dimensions, approximate measurement grid, and
locations of the excitation positions. (b) Schematics
of the different joining methods used to connect the
two CLT plates along edge D A.

outer thread diameter of approximately 5 mm. An image
of an individual bracket is presented in Fig. 3b along with
the fixing point locations.

The test structure was supported on four air cushions
near the corners of plate CLT100A1 in order to simu-
late free boundary conditions. The air cushions enabled
the test object to be structurally isolated from the ambi-
ent environment while minimising the constraint effects
of the supports on vibroacoustic behaviour of the system,
thereby approximating free boundary conditions.

For the measurement of the vibrational response of
the system, a Polytec PSV-400 Laser Doppler Vibrometer
measured the normal velocities of the top-side surfaces
of plates CLTO60C1 and CLT100A1. The measurement
grids on plates CLTO60C1 and CLT100A1 were 7 x 9 and
7 x 17 Cartesian point grids, respectively. These Cartesian
point grids corresponded to a spatial resolution of approx-
imately 18 cm. The approximate measurement grids are
depicted in Fig. 1a.
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Figure 2. Images of the general experimental set-up:
Configuration 0G2B is shown. (a) Acquisition of the

normal surface velocities on plate CLT100A1. (b)
Acquisition of the normal surface velocities on plate
CLT060C1. (c) Rear view with shaker attached.

Four different excitation points were considered, two
per plate, with one being approximately on a corner of the
plate at the free end, and one being in the middle of the
short edge of the plate. The locations of the excitation
points are depicted in Fig. 1a. At the excitation points, an
impedance head was attached to which a shaker was then
attached. The velocity response surface was measured for
each excitation point with a swept sine excitation. The
transfer mobilites were then calculated based on the mea-
sured response surfaces with respect to the force signal
of the impedance head. A frequency range from 0 Hz to
800 Hz with a resolution of 62.5 mHz was considered. For
each measurement point, the measurements were repeated
5 times for each point, and a complex average was taken.

An overall view of the experimental set-up is pre-
sented in Fig.2, which shows the 0G2B configuration.
The 3G2B and 0GOB configurations required slight mod-
ification to the structure for safety reasons due to the re-
duced stability of the connection. For config. 3G2B, plate
CLT060C1 was supported from behind with two air cush-
ions. Images of the modification made for config. 3G2B
are presented in Fig. 3. For config. 0GOB, guiding cross-
bars at the front and back sides were constructed to ensure
that plate CLT0O60C1 did not tip or slide away from its
location. CLT060C1 was decoupled from the cross-bars
with soft elastic interlayers to ensure that the cross-bars
did not influence the vibroacoustic response of the sys-
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Figure 3.
(a) Rear view of the supporting frame for plate
CLTO060C1. (b) The angle bracket used to form the
connection (also used with config. 0G2B). (c) Close-
up view of the 3 mm gap between plate edges.

Images of the 3G2B configuration.

tem. The Images of the additional modifications made for
config. 0GOB are presented in Fig. 4. It should be stated
that the L-junction was constructed so that CLTO60C1 was
supported as much as possible by CLT100A1 and struc-
turally isolated from the frame which acted as a secondary
support.

The measurements for the modal analysis were con-
ducted as part of a broader investigation into flanking
sound transmission. See Ref. [9] for details on other
excitation points and investigations in the mid- to high-
frequency range.

3.2 Modal Parameter Estimation

The experimental modal parameters presented in this con-
tribution were fitted as part of an Experimental Modal
Analysis (EMA) using the combined measurement data
obtained with the procedure discussed in Sec. 3.1. Further
details of the EMA method can found in Ref. [8].
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Figure 4.
(a) Front view of the supporting frame for plate
CLT060C1. (b) Rear view of the supporting frame
for plate CLTO60C1.

Images of the OGOB configuration.

4. RESULTS AND DISCUSSION
4.1 Modal Parameter Estimation

The EMAs of each of the configurations were able to
fit 20 modes for the 0G2B and 3G2B configurations and
18 modes for the 0GOB configuration. The fitted eigen-
modes and their associated eigenfrequencies are presented
in Figs.5 to 7. The AutoMAC matrices of the respective
eigenmodes are presented in Figs.8 to 10. The eigen-
modes, as expected, correlate exactly with themselves,
ie. MAC; ; =1 Vi = j and the off-diagonal terms are
mostly zero or uncorrelated, i.e. MAC; ; < 0.10 Vi # j.
This indicates that the mode parameter estimation is valid
and that the eigenmodes contain a sufficient number of de-
grees of freedom to prevent spatial aliasing. A corollary
of this is that the measurement grid is adequate for the
identified modes.

There is, however, one pair of modes where the spatial
resolution appears to be inadequate. For config. 3G2B,
MAC19,20 = 0.65, indicating a moderate correlation be-
tween the modes. Visually comparing eigenmodes 19 and
20 in Fig.6 confirms this moderate correlation and in-
dicates a potential spatial aliasing. For config. 0GOB, a
moderate correlation between modes is also found, with
MAC, ¢ = 0.50. Comparing these modes in Fig. 7, there
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1: 3.05Hz 2: 17.0Hz 3:21.2Hz 4: 24.6 Hz
5: 28.2Hz 6: 48.8 Hz 7:62.4Hz 8:70.2Hz
9: 80.2Hz 10: 96.6 Hz 11: 109 Hz 12: 131 Hz

13: 156 Hz 14: 162 Hz 15: 167 Hz 16: 213 Hz
17: 221 Hz 18: 226 Hz 19: 234 Hz 20: 244 Hz

e b ) U

Figure 5. The first twenty identified eigenmodes
with their experimental eigenfrequencies for 0G2B.

appears to be an adequate spatial resolution to resolve
the modes, therefore, the mild correlation is more likely
due to coherent noise as a result of non-linearities at the
connection caused by the rigid body motion of mode
1. For the remaining non-zero off-diagonal values in
Figs. 8 to 10, it is expected that the values would be zero
or much closer to zero if the MAC were to be calculated
with mass normalised eigenmodes.

4.2 Auto-Comparison and Auto-Correlation of the
Experimental Configurations

Considering the identified eigenmodes in Figs.5 to 7,
three different types of modes have been identified by
measuring the normal surface velocities of the structure,
that is; rigid body modes, torsional modes, and bending
modes. The rigid body modes are modes 1 for configs.
0G2B and 3G2B, and modes 1 to 3 for config. 0GOB. The
rigid body modes occur at frequencies approximately an
order of magnitude lower than the fundamental bending
and torsional modes for the 0G2B and 0GOB configura-
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Figure 6. The first twenty identified eigenmodes Figure 7. The first twenty identified eigenmodes

with their experimental eigenfrequencies for 3G2B. with their experimental eigenfrequencies for 0GOB.
tions. These rigid body modes are associated with the de- are 13 and 15. What is particularly interesting about these
formation of the angle bracket and, in conjunction, can po- coupled modes, is that they are composed of the same two
tentially provide valuable information for structural iden- individual plate modes when considering the plates as in-
tification of the stiffness and damping properties of the dividual structural subsystems; however, considering their
connection. The three rigid body modes identified for AutoMAC values, AutoMAC;3 15 = 0.05 (cf. Fig8), the
config. 0GOB have higher eigenfrequencies than those of two modes can be considered uncorrelated. The connec-
configs. 0G2B and 3G2B with the steel angle brackets. tion of these two subsystem gives rise to emergent be-
This result, at a surface level, indicates that the connec- haviour, whereby they are coupled and moving in phase
tion is stiffer for 0GOB; however, this additional stiffness with respect to each other for mode 13, and coupled and
is likely due plate CLTO60CI1 interacting with its support- moving out of phase with respect to each other for mode
ing structure than with the joining method or, rather, lack 15, resulting in an approximately 7 % shift in the eigen-
there of. A quick visual comparison between the differ- frequency. This result of identifying coupling and non-
ent configurations indicates that the torsional and bending coupling modes could potentially open new possibilities
modes do not appear to be influenced by, or at most, neg- for addressing low-frequency flanking sound transmis-
ligibly influenced by the supporting structure. sion. While not a standalone noise control solution, the
Considering the torsional and bending modes across identification of coupling modes during the design phase
Figs.5 to 7, there appears to be cases where the individ- of a building could potentially allow for an approach to ad-
ual plate modes are uncoupled, and other cases where the dress problem frequencies for flanking sound transmission
individual plate modes couple. An example of uncoupled without adding additional mass to the structure. For exam-
individual plate modes are modes 2 and 5 in Fig. 5. On the ple, by changing of aspect ratios of elements to minimise
other hand, an example of coupled individual plate modes coupling across the connection, or changing the connec-
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Figure 8. AutoMAC matrix for 0G2B. The
colourmap is a linear scale from white (MAC = 0)
to black (MAC = 1).

tion itself.

4.3 Cross-Comparison and Cross-Correlation of the
Experimental Configurations

The MAC matrix is computed for each of the three con-
sidered experimental configurations against each other in
Figs. 11 to 13.

For Fig. 11, where config. 3G2B is compared against
config. 0G2B, it can be seen that the eigenmodes of
both of the configurations occur in the same order
and are well correlated up to the 12" mode, that is
MAC; ; >0.9 Vi=je{l,..,12} :i,j € N. Consid-
ering the eigenfrequencies of these well-correlated mode
pairs in Figs.5 and 6, it can be seen that the eigenfre-
quencies for config. 0G2B are approximately 5 % higher
than those of config. 3G2B. This result implies an overall
global increase in stiffness of the structure to the effect of
approximately 25 % due to the contact at the plate inter-
faces. This stiffening is even seen when when a resonance
of one plate occurs uncoupled from the other, for example
with modes 2 and 4. After the 12" mode, the eigenmode
pairs are less well correlated. These results indicate that
the brackets most important for coupling of the junction at
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Figure 9. AutoMAC matrix for 3G2B. The
colourmap is a linear scale from white (MAC = 0)
to black (MAC = 1).

lower frequencies, but the contact starts to have a greater
influence on the response of the system as the frequency
range increases.

For Fig. 12, where config. 0GOB is compared against
config. 0G2B, it can be seen that the eigenmodes the
configurations differ more than with the 3G2B-0G2B
case. The modes do not occur in the same order, but
this is largely due to the identification of the additional
rigid body modes in the 0GOB case. Otherwise, it can
be said that the significantly correlated eigenmode pairs
occur in the same order. Their are 5 well-correlated
mode pairs, that is, the mode pairs with indices ¢, €
{{4,2},{5,3},{8,6},{9,7}}. A general observation that
can be made, is that the correlation between mode pairs is
generally good for uncoupled plate modes.

Considering Fig. 11 where config. 0GOB is compared
against config. 3G2B, it can be seen that the correlation
between systems improves, with 8 well-correlated eigen-
mode pairs. The well-correlated pairs have indices 7,7 €

{{4,2},{5,3},{6,4},{7,5},{8,6},{9, 7}, {10, 8}, {11,9} }.

As with the case for Fig.12, the correlation between
mode pairs is good for uncoupled plate modes, but the
correlation drops off once coupled plate modes start
occurring. This implies that for the first several modes
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Figure 10. AutoMAC matrix for 0GOB. The
colourmap is a linear scale from white (MAC = 0)
to black (MAC = 1).

where the plate subsystems are generally resonating
independent of each other, the type of connection doesn’t
appear to play a large role in influencing the eigenmodes,
but does play a moderate role in influencing the global
stiffness of the system. However, once the modes of the
plate subsystems start coupling, the connection type starts
to change the behaviour of the system.

5. SUMMARY AND CONCLUSION

This contribution compares and correlates experimentally
estimated modal parameters for three CLT L-junction con-
figurations with the goal of better understanding the be-
haviour at element interfaces for predicting flanking sound
transmission. Each configuration used the same two CLT
plates, but the plates in each configuration were connected
with slightly different joining methods. The first method
involved using two commercially available steel angle
brackets supporting one plate resting on top of the other.
The second configuration was the top plate supported
solely by the angle brackets, thus eliminating any contact
between the plates. The third configuration was just the
top plate resting on the top plate without angle brackets.
These three experimental configurations allowed for the
components that form the connection between a typical
L-junction, for example, the surface contact between two
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Figure 11. MAC matrix of 3G2B (vertical axis)

against 0G2B (horizontal axis) eigenmodes. The
colourmap is a linear scale from white (MAC = 0)
to black (MAC = 1).

connected elements and their joining mechanism, to be
analysed in a deductive manner.

The analysis identified three different types of modes,
namely rigid body, torsional, and bending modes that con-
tribute to the normal response of the L-junction structure.
It was found that rigid body modes with the angle brackets
could be potentially used for structural identification pur-
poses of the connection. For the first several bending and
torsional modes, where the modal density was relatively
low, the resonances of the plate subsystems did not couple
with each other. In this region, the type of connection did
not have a large influence on the eigenmodes. This implies
that for the first several bending and torsional modes, aside
from moderate changes in the stiffness of the system, the
type of connection does not grossly influence the system’s
structural response. However, for higher frequencies, the
modes of the subsystems start to couple, and the simpler
plate subsystems give rise to emergent behaviour. That
is, a system formed from the connection of simpler sub-
systems behaves in a way that is more complex than the
individual subsystems would behave on their own. This
emergent behaviour is, at first, mostly due to the brackets,
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Figure 12. MAC matrix of 0GOB (vertical axis)
against 0G2B (horizontal axis) eigenmodes. The
colourmap is a linear scale from white (MAC = 0)
to black (MAC = 1).

but as the frequency range increases, the contact between
the elements starts to have an increasingly larger influence
on the response of the system.

Further, this contribution highlights the potential for
new measures in addressing flanking sound transmission
performance in the low-frequency range. While the ef-
fect of the emergent system behaviour due to the cou-
pling of modes from simpler panel subsystems and their
direct influence on flanking sound transmission requires
further investigation, these modes, once identified, can
be shifted or even partially avoided. This could be ac-
complished without adding additional mass to the struc-
ture, such as by carefully selecting element aspect ratios
in the design phase or changing the types of connectors
themselves. This could even potentially be done remedi-
ally with other available measures, such as changing the
stiffness of plates, but potentially at the expense of nega-
tively influencing the radiation efficiency of the structure
at higher frequencies.

The results of this contribution could be used as a ba-
sis for updating or validating a numerical model, such as
in Ref. [9].
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Figure 13. MAC matrix of 0GOB (vertical axis)
against 3G2B (horizontal axis) eigenmodes. The
colourmap is a linear scale from white (MAC = 0)
to black (MAC = 1).
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