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The construction sector is experiencing a shift from traditional building materials towards more sustainable
alternatives. Notably, (engineered) timber materials such as cross-laminated timber (CLT) enjoy a rise in
popularity due to their low carbon footprint, light weight and relative high strength and stiffness. However,
their poor intrinsic acoustic performance is a prime challenge for its further adoption. Particularly the
reduction of flanking sound transmission, where vibrational energy is transmitted between walls and/or
floors across a common junction, is a major concern. Improvement measures include the application of
resilient strips or paths, yet the effectiveness of a particular solution depends largely on the type of junction
that is being considered. The attenuation of flanking sound between two building elements i and j is
quantified by the vibration reduction index K;;, which can be experimentally determined on-site or in a
laboratory in accordance with ISO 10848, currently under revision. This work summarizes the findings of
an experimental campaign on a horizontal X-junction made of CLT in a laboratory setting. In this campaign,
several factors have been determined that have to be taken into account to ensure full reproducibility of K;j,
experiments. One factor is parasitic airborne sound transmission, which may result in an underestimation
of the true K;; values, especially for well-performing resilient decoupling measures. Another factor is the
presence of external static loads compressing the junction, leading to an increased structural rigidity of the
junction and possibly in a stiffness change of resilient elements. In practice, this is the case for load-bearing
walls supporting multiple floor levels. This effect is simulated by an external line load on the structure
provided by a hydraulic press.

1 Introduction

Cross-laminated timber (CLT) has experienced a significant rise in popularity as a sustainable alternative to traditional
building materials. While it has many positive qualities, such as a low carbon footprint, low self-weight and relatively
high strength and stiffness, its poor acoustic performance hinders its further adoption. Notably flanking sound
transmission, where vibrational energy is transmitted between walls and/or floors across a common junction, is a major
concern. The influence of flanking sound transmission is quantified by the vibration reduction index K;; between
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connected elements i and j. This quantity can be determined experimentally in a lab or on-site according to ISO 10848
[1], which is in the process of revision. While the current standard provides specific criteria and guidelines for the
measurements, there is a large variety in junction configurations and boundary conditions which could lead to a limited
repeatability of experiments. One factor is the presence of parasitic airborne sound transmission in flanking setups where
reradiation of airborne sound from the CLT panels is not taken into account. Another factor is the presence of external
loads acting on the junction, as for load bearing walls supporting multiple floor levels. Both factors are difficult to take
into account, especially in a lab setting as they require additional shielding and an actuator to exert the external load on
the structure. In this research, a dedicated flanking setup is presented with the aim to quantify and control the effects of
both conditions, leading to a higher degree of experimental repeatability. Section 2 describes the flanking setup employed
in this test campaign, as well as the main test methodology and principles behind parasitic airborne transmission and
external static loads. Section 3 gives an overview of the experimental results of a series of benchmark tests on rigid
junctions which aim to quantify the influence of these two factors on the measured K;;.

2 Methodology

The experiments were conducted at a dedicated flanking setup in the Buildwise Acoustics Lab in Limelette, Belgium, as
illustrated in Figure 1. The test object is a CLT X-junction consisting of two walls (4.8 m x 3 m) and a continuous floor
(4.8 m x 7.5 m), distributed into two zones width a span of 3.5 m and 3.9 m at the front- and backside of the wall,
respectively. Each wall or floor element consists of two CLT panels with a width of 2.4 m, connected along a bolted lap
joint. All CLT panels are 5-ply with a thickness of 100 mm and 140 mm for the walls and floor, respectively. Within the
scope of this text, the floor panels are always connected to the lower wall with 4 partially threaded screws (8 mm x 240
mm) with a spacing of 1000 mm. The upper wall is simply supported on the floor with no additional connectors or resilient
elements, unless mentioned otherwise. The panels are partially supported by a steel frame structure, decoupled from the
CLT with highly flexible resilient strips. The concrete floor slab at the bottom of the structure is vibration isolated from
the rest of the building.

The aim of these experiments is to determine the vibration reduction index K;; for all transmission paths between elements
i and j across the X-junction. The measurements are carried out according to ISO 10848-1 [1]. Transient excitation is
provided by hammer strikes at 4 well-separated positions for each partition. Similarly, velocity levels are measured with
accelerometers at 4 positions satisfying required minimal distances between each other, the excitation positions and
element edges as prescribed by ISO 10848. The velocity level difference D, ; jbetween elements is determined for a steady
state excitation of 30 seconds at each excitation position. The structural reverberation time Ts; of each element i is
estimated based on single hammer impacts for the same measurement and excitation positions as Dy, ;;. The measurement
formula for the vibration reduction index K;; is given by [1]

Dy + Dy ji Ly
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for a reference frequency fof = 1000 Hz, speed of sound ¢, = 343 m/s, centre band frequency f and area S; of element
i. The resulting vibration reduction indices are always presented in 1/3 octave bands with centre band frequencies from
100 to 3150 Hz.

In this experimental campaign, special interest is paid to two phenomena which can have a significant influence on the
measured K;; values: the effects of parasitic airborne sound transmission and external static loads on the test structure. As
illustrated in Figure 2, the vibration transmission between connected elements consists of structure-borne as well as
airborne components. By definition, the vibration reduction index pertains purely to the structure-borne component.
However, especially for junctions with resilient strips or pads, the airborne component may no longer be negligible
relative to its structure-borne counterpart, as observed by Crispin et al. [2]. While it is difficult to distinguish these
transmission mechanisms from the acquired velocity data, the influence of this parasitic airborne sound transmission can
be observed in a test configuration without any structural contact between CLT panels, i.e., where the wall or floor panels
are suspended by a crane. Here, only the airborne transmission will contribute to the measured K;;, resulting in a maximum
measurable value for flanking sound measurements, further referred to in this text as K;j max- In the current standard, there
are no specific guidelines for the determination of K;; may. In these test configurations, the amount of accelerometers is
doubled to 8 sensors per partition. In order to reduce parasitic airborne transmission, panels can be covered with a
lightweight, sound absorbing layer. In this test campaign, the floor panels of the structure on either side of the upper wall
are covered with mineral wool packages.
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Figure 2: Principle of parasitic airborne sound transmission.

The second phenomenon of interest is the effect of external static loads on the CLT junction. This is an important
parameter as building junctions in practice are always subjected to a given preload due to the floor levels that are supported
by the load-bearing walls. The contact between the CLT panels is imperfect in the unloaded case, especially for junctions
with no rigid connectors such as screws or angle brackets. An external force can compress the junction, leading to a larger
effective contact area between panels and added frictional forces. As a results, the vibration transmission between
elements that are pushed together can be increased significantly in an effect similar to connection stiffening due to screws
or other connectors. The effect of static loads in the form of concrete blocks on a rigid CLT L-junction has been studied
by Pettoni Possenti et al. [3] where added blocks led to lower K;; values. Mecking et al [4] also performed K;; tests on a
CLT L-junction with external line loads up to 20 kN/m, resulting in similar observations. Nilsson et al. [5] studied
variation in K;; for CLT junctions with resilient strips at different floor levels of the same building. In the present work,
a mobile hydraulic press is present at the top of the upper wall, which can exert line loads up to approximately 80 kN/m
on the CLT junction, corresponding to between 4 and 5 storeys. A K;; test is conducted on the full rigid X-junction, where
the floor is screwed to the lower wall and the upper wall is supported on the floor as previously described. Mineral wool
packages cover the entire floor area to reduce parasitic airborne sound transmission analogous to the K;; .y tests which
only take the corner transmission path between the upper wall and floor into account. No mineral wool is placed in the
cells under the floors. The effect of parasitic airborne sound on these transmission paths with screwed connections is
expected to be quite small.



Annex F of ISO 12354-1 [6] includes simple prediction formulas for rigid CLT junctions. These empirical formulas were
proposed based on a set of K;; experiments for rigid CLT junctions where the surface mass ratio of the connected panels
lies between 0.5 and 2. As these conditions also apply to the CLT junction in this research, the following prediction
formulas for an X-junction can be compared to the experimentally determined values:

f f f
Kcorner =18+ 3.3 log (E) f Kﬂoor—ﬂoor =10-33 lOg (f—.k) + 10M, Kwall—wall =23+33 lOg (f—.k), (3)

where f;, = 500 Hz and M = log %t for an element i and the element L i perpendicular to it.
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3 Results and discussion

Figure 3 displays the measured K;; values of the top front corner transmission path for the rigid junction and suspended
junction K;j .y, with and without mineral wool packs covering the top floor surface, with no preload. While there is no
contact between CLT panels for K;jma.x, these values are still relatively low, indicating parasitic airborne sound
transmission. Especially in the frequency range between 250 and 800 Hz, K;; is only around 5 dB higher for the suspended
wall than for the rigid junction. This corresponds roughly to the expected critical frequency region of the CLT panels,
where airborne (re-)radiation is the most efficient. This implies that junctions with high-performance resilient strips or
pads would be limited to this upper limit imposed by K;; ,ax due to airborne sound transmission, even if their performance
would be higher if only structure-borne transmission is considered. In the test configurations with mineral wool indicated
with dashed lines, the parasitic airborne sound transmission is partially mitigated. For K;; may, the measured values lie
multiple dB higher than in the untreated case. This effect is most pronounced in the zone around the critical frequency of
the CLT panels where K;j max is smallest. For the rigid junction, where structure-borne transmission is dominant, there is
also a non-negligible increase. However, the gap between the rigid connection and K;; max has doubled in the critical band
of 500 Hz and is over 10 dB for most frequency bands. While this is a significant improvement, the ceiling represented
by K;; max should be kept in mind when testing resilient junctions.
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Figure 3: Top corner vibration reduction index for a rigid junction and K;j max.

Figure 4 displays the experimental K;; for a rigid corner transmission path between the upper wall and front floor section.
The external line load provided by the hydraulic press is increased in steps of roughly 3 kN/m until convergence of K;; is
attained in the full frequency range of interest. The self-weight of the upper wall is approximately 1.2 kN/m. The external
load compresses the junction, leading to a larger effective contact area and friction. As a result, K;; decreases for an
increasing external load, especially at high frequencies. Convergence occurs after multiple load steps, approximately at
10 kN/m where the added friction due to increased load becomes negligible. Nevertheless, the K;; values for the same
junction geometry and connection type can decrease up to 10 dB if a sufficiently high external load is exerted on the
structure. In the unloaded case, K;; displays a logarithmic increasing trend with frequency, while it is more or less



frequency-independent for the converged loaded case. The cases with a small external load are in line with the empirical
prediction formula of ISO 12354-1 as this formula was proposed based on measurements with no external loading and
rigid connection types. The configuration in this work has no connectors along the current transmission path. Therefore,
the small external line-load of 3 kN/m has a similar effect to rigid connectors increasing the contact area and friction
between the panels as in the examples the empirical formulas were based on. However, junctions without connectors but
with large external loads lead to a higher degree of corner transmission than junctions with connectors but no preload. At
convergence for a higher line load, K;; diverges more from the prediction at high frequencies due to its perceived
frequency-independence.
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Figure 4: Top corner vibration reduction index for varying external line loads.

Figures 5 to 7 display the experimental K;; for all flanking transmission paths in the rigid X-junction for fewer external
load steps. For both the top and bottom corner transmission paths, there is convergence for increasing line loads on top
of the structure. It should be noted that there is already a significant difference between the top and bottom transmission
path due to the added weight of the floor panels compressing the interface between the lower wall and floor, as well as
the presence of screws between these elements. As a result, for the unloaded case the bottom corner transmission path
yields lower K;; values with deviations up to 5 dB relative to the top corner transmission path. This effect is significantly
less pronounced when the external load reaches a higher level as the self-weight acting on the junction is smaller relative
to the external load.
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Figure 5: Top and bottom corner vibration reduction indices for varying external line loads.



The wall-wall transmission path displays a similar behaviour to the corner transmission paths. It should be noted that the
unloaded case yields very high K;; values due to the imperfect interface between the floor and both the upper and lower
walls. While the measured values imply frequency-independence for this transmission path as well at convergence, the
prediction formulas give a decent indication of the expected K;; values. The floor-floor transmission path shows the
opposite trend to the wall-wall and corner transmission paths. In essence, this is a continuous floor consisting of two
panels attached with a bolted lap joint perpendicular to the junction direction. Naturally, the measured K;; values for the
unloaded case are very low. By the added friction due to the external line load, there is more vibration transmission along
the other transmission paths as established earlier. As a result, less vibrational energy is transmitted along the floor-floor
path, with higher K;; for an increasing external load. The external load has a similar effect to screws or brackets which
would lead to an analogous shift in the power balance. The measured results are closer to the prediction formulas for a
loaded junction as the formulas were derived from junctions with added structural connections.
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Figure 6:Wall-wall vibration reduction indices for varying external line loads.
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Figure 7: Floor-floor vibration reduction indices for varying external line loads.



4 Conclusions

In this experimental campaign the vibration reduction index was determined for a cross-laminated timber X-junction at a
dedicated full-scale flanking test setup. The experiments were aimed to quantify two parameters which can have a
significant influence on the measured K;; values and, therefore, the repeatability of flanking sound experiments in a
laboratory setup. First, the effect of parasitic airborne sound transmission was verified by determining the highest
measurable K;; for a junction with no structural connection. It was observed that this value was rather close to the rigid
configuration, especially in the frequency range surrounding the critical frequency of the CLT panels. By adding shielding
with a thick but lightweight absorptive layer on the floor panels, this K;; nax Was increased significantly, especially in this
frequency range, although it also marginally increases the measured K;; for the same transmission path in the rigid
configuration. The second parameter is an external line load on top of the upper wall supplied by a monitored hydraulic
press, simulating preloading as in practice for load-bearing walls in multistorey buildings. An increased external load
results in a larger effective contact area and interface friction, such that vibration transmission for paths along separate
connected elements across the junction is more efficient and K;; is lowered. In this experimental configuration, there is
convergence in the considered frequency range for a line load of 10 kN/m. For corner and wall-wall transmission paths,
K;j is proportional to frequency for the unloaded case but at convergence it appears approximately constant. For the
continuous floor-floor transmission path, K;; is very low but increases for a higher external load, as opposite to the
frequency trend for the other transmission paths.
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