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ARTICLE INFO ABSTRACT

Keywords: Cross-Laminated Timber (CLT) has gained an increasing success and widespread diffusion among
Cross laminated timber CLT wood products. Due to the novelty of the components and the dry-assembling techniques, certain
Operational modal analysis OMA aspects of its behavior and performance remain unexplored; among these, the use of sound-
Structural dynamics insulated joints and brackets, along with their possible drawbacks on mechanical performance.

Acoustic insulation

In this paper the authors discuss the results of dynamic identification (ID) tests carried out on
Finite element FE

twin full-size CLT mockups (two-story), one of which was furnished with sound-insulation details
based on an elastomeric interlayer. Ambient (white noise and random excitations) and forced
vibration (mass shaker) tests were carried out to identify modal parameters.

The paper mainly aims at: i) assessing potential differences in the overall dynamic behavior of
the two mockups, likely due to the introduction of acoustic insulation, ii) detecting possible
drawbacks of insulation layers on mechanical performances, iii) increasing the knowledge about
dynamics of CLT structures.

The results of Operational Modal Analysis (OMA) are presented and the variations in the dy-
namics between the mockups are discussed. The construction of finite element (FE) models and
their calibration — with joint properties variations — are then presented. The outcomes revealed a
drop of modal frequencies values (at least 20 %) upon the introduction of elastomeric insulation,
whilst no significant alteration was observed in the mode shapes. Model updating based on the FE
models demonstrated that the dynamic response and the frequency variations were mostly
associated with wall-to-wall and wall-to-diaphragms joints, and hold-down connections.

1. Introduction

The use of timber components, especially Cross-Laminated Timber (CLT), in the construction market has significantly increased in
recent years [1]. However, the novelty of the system also implies some uncertainties in the construction design, which are linked to the
limited experiences collected so far. For instance, few studies have been addressed to the characterization of its dynamic behavior.
Although dry assembling technique of timber structures could produce a strongly nonlinear behavior under seismic shocks, modal
analysis could help the understanding of the dynamic response in terms of natural frequencies, damping ratio and mode shapes. Some
studies which included both dynamic characterization and model updating have been published by Aloisio et al., 2020, Mugabo et al.,
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2019 [2,3], while Reynolds et al., 2015, 2016 [4,5] focused strictly on Ambient Vibration Tests (AVTs). Moreover, while such studies
have investigated CLT buildings with finishings or in various stages of construction, they have only partly explored the dynamics of
structures entirely made of CLT components (detailed descriptions are reported in Sub-Section 1.1). Hence, there is a need to extend
the research in such direction.

Acoustic insulation of dry-assembled CLT structures is often achieved by insertion of elastomeric interlayers (henceforth layers)
within panels joints (e.g., wall-to-wall, wall-to-diaphragm) [6]. Their interaction with mechanical behavior has been only partially
characterized by Azinovi¢ et al., 2021, Krzan and Azinovi¢ 2021 [7,8]. Such investigations are described in Sub-Section 1.2.

In such a framework, the aims of the paper concern: i) the dynamic characterization of timber structures without and with acoustic
insulation details, i.e., elastomeric layers within joints, ii) the detection of any structural drawbacks due to the use of such acoustic
details, iii) the investigation of the dynamics of timber structures without any supplementary finishing, structural components, or
supplementary load other than bearing panels. To these ends, an experimental campaign addressed to the dynamic characterization of
twin two-story mockups - one with conventional joints (Mockup A) and the other with insulated joints (Mockup B) — was carried out.

The experimental testing was performed through dynamic identification (ID) tests. Excitation of the structure was gradually
increased with ambient vibrations, random excitations in space and time, and mass shaker harmonic inputs, without introducing any
nonlinear deformations. Operational Modal Analysis (OMA) was applied to extract the modal parameters, i.e., mode shapes, fre-
quencies, and damping ratios. Three OMA techniques were used, i.e., Enhanced Frequency Domain Decomposition (EFDD [9]),
Stochastic Subspace Identification (SSI [10]), and poly-reference Least Squares Complex Frequency (pLSCF [11]).

Following, FE models of the twins were constructed in DIANA FEA environment [12]. Parametric sensitivity analyses were carried
out to detect target parameters to be adjusted for the calibration of the models, based on the outcomes OMA. In such a way, the impact
of incorporating insulation layers within joints on the overall dynamic behavior was estimated. Fig. 1 reports the flow chart of the
study presented in this paper.

1.1. Dynamic behavior of timber structures

Understanding the dynamic behavior of CLT structures plays a key role in their seismic design, typically relying on response
spectrum analysis for new constructions. In this framework, the correct prediction of mode frequencies and associated shapes is
fundamental to obtain a good approximation of expected seismic forces and a robust design of structural components.

A simplified analytical formulation for the calculation of first mode frequency, f; = C; -HO7 > where C; is a ratio function of
structural typology and material, and H is the height of the building, is given in Eurocode 8 [13]. However, detailed component
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modeling allows to comprehensively derive the dynamic behavior of CLT structures [14], even when involving unconventional ty-
pologies or details (e.g., sound insulated joints). Hence, the collection of experimental data is crucial.

Mugabo et al., 2019 [2] discuss AVTs [15] carried out on a four-story building (i.e., Albina Yard building in Portland, Oregon, USA),
made of a mix of Douglas-fir CLT floors, Douglas-fir Glued Laminated Timber (GLT) framing gravity systems (columns and beams), and
plywood shear walls with steel hold-downs for the lateral resisting system. The building was complete of structural and non-structural
parts, thus all additional masses and stiffnesses beyond wooden ones were taken into account. Ambient environment excitations were
used (e.g., road traffic, wind). Two OMA techniques, EFDD and SSI, were used to process the data and estimate the modal parameters.
OMA led to the identification of a transverse mode at 2.85 Hz, a longitudinal bending mode at 4.17 Hz, and a torsional mode at 4.24 Hz.
Results pointed out, as expected, significant uncertainties in modal damping estimation, as also discussed in Refs. [16-18].

The dynamic identification of the NMBU campus of Norwegian University of Life Science, in As, Norway was performed and
discussed by Aloisio et al., 2020 [3]. The case study was a 26.9 m-height eight-story CLT building with a rectangular plan (23.21 m x
15.11 m) and an inner core. Walls were monolithic (without any in-plane joints), with high length-to-height ratio. The testing setup
consisted of 10 piezoelectric accelerometers. The first two modes identified were translational along transverse and longitudinal di-
rections, at 1.913 and 2.414 Hz, respectively. The third torsional mode was detected at 2.688 Hz. Damping ratios varied from 1.2 % to
1.9 %, with the maximum value related to the first mode. Frequency values were found higher than expected, as if the stiffness was due
only to in-plane shear deformability of CLT panels, whilst connections were not stressed enough to activate and deform. Moreover, the
authors found that first mode prediction, according to Italian code NTC 2018 [19], aligned well with a C; constant equal to 0.0488,
close to the one prescribed for masonry structures (i.e., 0.05).

The dynamic behavior of one timber frame and one CLT twin multi-story buildings - identical floor plans, layout and finishings
beyond different load-bearing structural system - was studied by Reynolds et al., 2016 [20], in order to assess the structure dynamics
differences between the two construction techniques. The similarity of the dynamic responses of the two buildings was high, although
the different transfer load concepts (i.e., frame versus walls). However, it should be noted that a reinforced concrete core was part of
the buildings, giving a substantial contribution to the overall dynamic response.

In such a framework, the paper introduces a study addressed to the dynamic characterization of isolated CLT structures, without
any external influence stemming from additional components or finishes.

1.2. Acoustic insulation layers for timber structures

Shortcomings of timber buildings in satisfying current comfort requirements for acoustic performance manifest in the areas of low-
frequency airborne sound insulation and the limitation of structure-borne noise [21,22]. These deficiencies stem from the use of steel
connectors in CLT assemblies, which, like many dry-mounted systems, hinder the implementation of soundproofing systems based on
component decoupling [23].

The flanking transmission, i.e., the vibration reduction index Kj; [24], upon the introduction of sound insulation interlayer was
investigated in the case of an isolated X-type CLT connection [25] and a mockup with L- and X-joints [26]. It was found that the
decrease of flanking transmission was effective when vibration originated from a lower story to an upper one, whereas it was negligible
when the vibration source was within the same slab. Similar studies can be found in Refs. [27-29].

Since panels joints rule the stiffness of CLT assemblages [30], the insertion of elastomeric layers among nails or screws can affect
the stiffness and strength of the joints, thus affecting the design of CLT assemblages. A study carried out by Krzan and Azinovi¢, 2021
[7] evaluated the shear and tension/compression (normal) capacity of an angle bracket designed to accommodate a layer for acoustic
insulation. The authors discovered that the presence of such a layer embedded in brackets had no significant impact on the bearing and
displacement capacity for shear and compression/tensile behaviors. However, it was observed that elastomeric layer bedding affected
the stiffness of the connection systems and led to an average reduction of 22 % in shear and 45 % in tension. Furthermore, additional
rocking phenomena induced by insulation were recorded. Insulation layers also affected energy dissipation, but the difference between
insulated and uninsulated specimens decreased as cycles increased.

An extension of the study [7] was performed by Azinovi¢ et al., 2021 [8], where a full-scale CLT wall was examined. It consisted of a
3-layer 249 x 249 x 10 cm CLT panel connected to a 5-layer 14 cm-thick CLT slab, fixed to the base using the two steel angle brackets
described in Krzan and Azinovié¢, 2021 [7]. The brackets were fastened with eight full-threaded (FT) 8 x 80 mm screws, while the slab
was connected with ten FT 8 x 160 mm screws. The goal of the study was to investigate the cyclic behavior of insulated angle brackets
in CLT constructions. Two different groups (four types) of 12.5 mm-thick insulation layer materials were tested as bedding under the
wall, ranging from moderately flexible to stiffer options. The insulation for the angle brackets remained constant and was made of 12.5
mm-thick moderately flexible closed-cell polyurethane. The findings indicated that the load-bearing capacity of the wall under vertical
stresses remained almost unchanged, but the lateral stiffness was significantly reduced due to insulation layer deformation. Upon the
introduction of moderately flexible insulation, the reduction in stiffness reached the 40 %.

Given the limited exploration of the impact of insulated joints on the overall structural behavior, primarily due to previous in-
vestigations focusing on component-scale specimens, the paper delves into the dynamic characterization of a CLT mockup specifically
equipped with such details.

2. Materials and methods

Two twin building-scale CLT specimens, named Mockup A and Mockup B, were built and equipped with conventional joints (A) and
insulated ones, i.e., with elastomeric layers (B).
Mockups were designed to bear gravity and seismic loads expected for the site (i.e., a warehouse of Bozza Legnami s.r.l. in
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Villamarzana, Rovigo, in the Italian Veneto region) according to Eurocode 5 [31] and Eurocode 8 [13].

2.1. Description of the mockups

The mockups consisted of twin two-story parallelepiped structures 9.7 m x 4.00 m x 6.14 m (length x width x height). Fig. 2
shows the type plan and section.
The two specimens (Fig. 3a) were characterized as follows.

- Mockup A: conventional wall-to-wall and wall-to-floor joints (i.e., T-joints, L-joints, in-plane joints) with screwed steel brackets (i.
e., hold-down and angle brackets);

- Mockup B: insulated wall-to-wall (L- and T-) and wall-to-floor (L- and T-) joints, insulation bedding for panel-to-foundation, panel-
to-diaphragm interfaces, and hold-downs (Fig. 3b,c); conventional angle brackets and wall-to-wall in-plane joints.

Fig. 4 resumes and compares the timber-to-timber joints details implemented in the A and B mockups. Layout of Fig. 4a was
adopted for T-joints, whereas layout of Fig. 4b was used for L-joints. Layout of Fig. 4c was used for the in-plane wall joints in both
mockups. Roof joints consisted of @8 x 200 mm PT STS, with an alternate 45° inclination and a spacing of 200 mm; inter-story
diaphragm was not provided with any screwed joints. Floor and roof CLT boards were connected to walls by @8 x 280 mm PT STS
inserted orthogonally (90°) (Fig. 4d) with a spacing of 400 mm. Lintels gravity loads were supported on adjacent walls via a 15 cm-
wide mill, while shear forces were resisted by one @#8 x 280 mm PT STS on each side, inserted at a 45° inclination as illustrated in
Fig. 4e.

CLT elements made of C24 raw laminations (a maximum proportion of 10 % C16 is permissible) were used [32]. Table 1 reports
their characteristics, according to the producer (i.e., Stora Enso) and codes [31,33]. Vertical walls and roof were made of 10 cm-thick
3-layer CLT panels (Stora Enso C3s 30-40-30 mm), while first diaphragm was made of 14 cm-thick 5-layer ones (Stora Enso C5s
40-20-20-20-40 mm). The average width of panels was equal to 122 cm, with some smaller when needed, as described in Fig. 2.
In-plane spline joints (Fig. 2c) were made through 15 cm-wide, 2.7 cm-thick Laminated Veneer Lumber (LVL) [34] joists (i.e., Kerto Q,
Table 1) connected with screws to the load bearing CLT panels beneath with a 150 mm spacing. Fastenings were based on flat-head PT
steel self-tapping screws (STS), applied without pre-drilling. Table 2 reports their main characteristics. The acoustic insulation con-
sisted of 6 mm-thick anti-vibration stripes made of fibers and granules of recycled styrene-butadiene rubber with non-woven fabric
support, hot pressed with polyurethane resin (commercial name Sylpro 6 AD). Table 3 reports the main mechanical and acoustic
properties of elastomeric insulation, while Fig. 5 describes its compression law until 10 % strain [35]. An adhesive was used to enhance

Fig. 2. Type plan and section of mockups (hold-downs in solid black, angle brackets in solid grey).
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a. b.

Fig. 3. Views of mockups: a) main fagades of mockup A (on the left) and mockup B (on the right); b) details of mockup B wall-to-foundation and wall-to-diaphragm
insulation bedding; c) detail of wall-to-diaphragm and hold-down insulation, also with two accelerometers placed.
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Fig. 4. Timber-to-timber joints layouts, without and with insulation layers (in red): a) wall T-joints; b) wall L-joints; ¢) wall in-plane spline joints; d) wall-to-
diaphragm joint (with hold-down brackets); e) lintel-to-wall joint. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Table 1
Characteristics of Stora Enso C24 timber boards [32,33] and Kerto Q LVL [34].
Material Parameter Value
C24 Timber Density p [kg/m>] 371
Grade C24
Mean Young’s modulus parallel bending 12500
Eo,mean [MPa]
Mean Young’s modulus perpendicular Ego mean [MPa] 370
Mean shear modulus perpendicular Gogo,mean [MPa] 690
Mean shear modulus parallel Googg,mean [MPa] 50
Tensile strength perpendicular f 9o [MPa] 0.12
Compressive strength perpendicular f. oo [MPa] 2.5
Shear strength parallel f, go0,x [MPa] 4.0
Shear strength perpendicular f, 9090,k [MPa] 1.05
Kerto Q LVL Characteristic density py [kg/m°®] 480
Average density pp, [kg/m°] 510
Shear strength £, [MPa] 4.5
Mean shear modulus Gpean [MPa] 600

the bond with CLT components.
The structural masses consisted of CLT panels, steel brackets and connectors. No additional vertical loads, such as floor operating
loads, were introduced. Hence, higher mode frequencies compared to operational structures are expected.
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Characteristics of STS fasteners [36].
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Steel fasteners

Parameter PT STS screw type
?35x80mm ?#8x200mm ?8x240mm
Joint layout Wall in-plane Wall T and L Diaphragm-to-wall
Thread diameter [mm] 5 8
Root diameter [mm] 3.40 5.40 5.40
Shank diameter [mm] 3.65 5.80 5.80
Head diameter [mm] 10.00 14.50 14.50
Total length [mm] 80 240
Thread length [mm] 40 80
Yielding moment My,k [Nmm] 5417 20057 20057
Head penetration stength fpeaq x [N/mm?] 10.5 10.5 10.5
Tensile strength fiens i [KN] 7.9 20.1

Table 3

Characteristics of Sylpro 6 AD insulation elastomer [35].

Sylpro 6 AD Insulation

Parameter Value
Mechanical parameters

Thickness t [mm] 6
Density p [kg/m>] 800
Compression load at 10 % displacement [kPa] >90
Acoustic parameters

Dry dynamic stiffness [MN/m?] 77
Foot traffic noise reduction AL,, [dB] 20

Table 4
Steel brackets layout.

Stress [kPa]
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Fig. 5. Compression law of Sylpro 6 AD insulation elastomer until 10 % deformation [35].

Bracket Number of elements Position Number and type of fasteners (per Anchor bolts Anchoring binder
each element)
Hold-down 16x2 (Inter-story) + 12 Inter-story, 30x FT Screws @5x60 mm M16 5.8 -
(Roof) Roof

Shear bracket 21 Foundation 30x FT Screws @5x60 mm 2x M12 5.8 Epoxy resin ETA-11/
plate 0182

Hold-down 16 Foundation 18x FT Screws #5x60 mm M16 5.8 (160 mm depth, Epoxy resin ETA-11/
plate ¢=130) 0182

Angle bracket 21 Inter-story 36 + 36x FT Screws #5x60 mm - -
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Table 4 describes the steel hold-downs and angle brackets designed according to Eurocodes 8 and 5 [13,31].

2.2. Dynamic identification test setup

ID system consisted of piezoelectric monoaxial accelerometers with a sensitivity of (+£10 %)10000 mV/g g and a broadband res-
olution of 0.00008 g rms, an acquisition unit and coaxial wires. Fig. 6 shows the test setup with the installation of 12 accelerometers,
mounted on cubes fastened by screws to the intrados of diaphragms to ensure a rigid connection between sensors and structure.
Various input sources were tested, to better excite all modes in the frequency band of interest and thus enhance the detection of
structural mode shapes. Beyond ambient vibrations, random excitations were applied through manual pushes of two operators at first
floor, to excite the three expected modes, i.e., transversal and longitudinal bending, and torsional. Moreover, a mass shaker harmonic
source was positioned above the middle point of the roof and used to furtherly excite the structure with a likely most consistent input
[37,38]. Its mass was equal to 2.31 kg with an eccentricity of 14.25 cm.

Records were acquired with a sampling frequency of 200 Hz and a duration of 656 s. Acceleration time series were processed by
OMA techniques (EFDD, SSI, and pLSCF) for the extraction of modal parameters. Signals were pre-processed by the application of a
Butterworth 3 Hz high-pass filter and a specific algorithm for offset removal. The software SVS Artemis [39] and the Matlab toolbox
MACEC [40] were used for modal analysis.

Identification results were validated by comparing the frequency error (Dy) and the mode shapes correlation through the calculation
of the Modal Assurance Criterion (MAC) index [41].

2.3. Numerical simulation of CLT structures

The understanding of the behavior of CLT mockups and, thus, the effect of insulation, required the construction of a structural
model able to simulate their dynamic behavior.

The results of the ID tests were used to assess the mechanical characteristic of CLT assemblages by a numerical model in the FE
environment DIANA FEA [12]. The mechanical properties were derived by Eurocode 5 [31] and ETAs [42,43]. The selection,
calculation and implementation of such values are reported in Section 3.

The wall loads were simulated using shell distributed density, whereas diaphragms ones were implemented as linear masses along
wall-to-diaphragm joints, accounting for plate load distribution. Operational loads were not included, as indicated by the IDs.
Eigenvalue analysis implemented in DIANA FEA [12] was performed to detect mode frequencies and associated shapes.

2.3.1. Construction of the FE model

The FE structural model was built - based on the geometry of the mockups - for the simulation of the dynamic behavior (Fig. 7).
Discretization was performed according to Christovasilis et al., 2020 [14], by implementing a detailed components modeling [44] with
average 15 cm-size orthotropic shell elements for the simulation of CLT panels (11282 4-noded linear Q20SF and 36 3-noded linear
T15SF elements), linear interfaces for timber joints with steel fasteners (i.e., wall-to-wall L-, T- and in-plane joints,
diaphragm-to-diaphragm in-plane joints, wall-to-lintel, wall-to-diaphragms X- and T-joints for a total of 1934 L16IF linear interface
elements); nodal linear springs for foundation hold-downs and angle brackets (39 N6SPR spring elements); 2-noded linear springs for
diaphragm and roof ones (65 N12SPR elements). Lintel-to-wall joints were simulated through interface elements, without explicitly
modeling the milled junction on wall side.

The deformability of walls bedding was implicitly attributed to brackets, primarily on hold-downs - since the most stressed by
vertical loads - and secondarily on angle brackets.

10

12

z
%Y
X

Fig. 6. ID test setup. Detail of accelerometers positioning in the circle.
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Fig. 7. FE model of the mockups with properties and local axes of spring and interface elements.

2.4. Updating of the FE model

A calibration procedure was implemented to match numerical outputs and experimental results through the adjustment of nu-
merical inputs. Model updating techniques have been widely applied, with automatic, semi-automatic or manual techniques [45-48].
According to Refs. [49,50], the unknows related to the structural characterization could be subdivided into two categories, aleatory
and epistemic. In this study, with detailed component-level modeling followed [44,51], sensitivity analyses - aimed at assessing the
influence of each unknown - were focused on joints and brackets stiffnesses, treated as aleatory parameters. Density p, Young’s
modulus E and shear modulus G of CLT panels were kept constant, since the material is precast, hence its variability is expected to be
low compared to joints one [52,53].

The outcomes of sensitivity analyses allowed the detection of the target parameters to be updated in order to match experimental
outcomes. According to Refs. [47,54,55], sensitivity coefficient of parameters can be described as per Equation (1):

FEM
= ok W
R! AX;

S,

where i is the frequency index, j is the parameter index, X; represents the j-th model parameter and RI™M is the i-th analysis output (i.e.,
mode frequency), and the A-the relative variations.

According to Cattari et al., 2021 [49], sensitivity factor S, within parameters ranging between a maximum and a minimum values,
can be described as per Equation (2):

Rmax - Rmin OS(Pmax + Pmin )

- 2
S O~5(Rmax + Rmin ) Pmax - Pmin ( )

where Ryax and Ry are the maximum and minimum response of the model in terms of frequency; Ppax and Ppy, are the maximum and
minimum values adopted for the parameter.

According to Equations (1) and (2), sensitivity coefficient and factors were calculated for the 1.2 multiplier and the 0.3-2 multiplier
range, respectively. Based on parametric analysis outcomes, results were compared to experimental OMA outputs by calculating MAC
indexes and frequency discrepancies.

Some of the values-set generated by sensitivity analyses were chosen as pre-calibrated models to be furtherly manually updated, in
order to achieve the model calibration. Based on multipliers between 0.3 and 2, the objective function was constructed as per Equation

(3):
(FEXP _ fDR 2 1 — \/MAC,
[m( ) (e )

where M = 3, @; = 1 and f; = 0.5 [47]. Sets which provided the minimum values were selected as the calibrated ones.

f=3

i

(3)

M
=1
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3. Estimation of mechanical properties

The numerical implementation of timber panels is crucial for the global simulation of wooden building. Timber panels behavior -
and particularly CLT ones - can be described through component or phenomenological methods [1,44,56]. In this paper the second
approach is used, therefore the discussion here reported is limited to that.

References about the calculation of CLT panel properties starting from wooden layer ones can be found in Refs. [57-59]. The
calculation of the stiffness values was done according to the so-called Homogenised Orthotropic plane stress Blass reduced cross
Section (HOBS) method [58-60], based on the composite theory and k; composition factors in function of the orthotropic description of
bidimensional elements (Ey, Ey, E;, Gyy, Gx;, Gy;). However, since the influence of out-of-plane shear moduli G,; and G, are secondary
with respect to the in-plane one Gy, the same value was given to the three (Gy, = Gx; = Gy;) [14,59]. Table 5 reports the properties of
CLT panels derived accordingly.

The stiffness estimation of fastened (dowel-type) timber-to-timber and steel-to-timber joints are based on the so-called slip modulus
Kser, according to Refs. [31,61]. In the case of steel-to- and concrete-to- timber joints, K., could be estimated [31] as up to:

Kier sicel—1o—timber = 2 * Kier.timber—to—timber (C))

Although shear-load fastened connections (e.g., screws and nails) have been widely investigated (e.g., Crocetti et al. 2016 [62]) and
analytical estimation methods collected within national and international codes [31,61], the characterization of axially-loaded
fastened joint stiffness has been only partially explored.

Equations provided by ETA-11/0030 [42] are able to estimate with a good approximation the experimental performances of axially
loaded 45° and 30° inclined screws [52]. Moreover, the axial stiffness was found usually higher than shear-slip one. Hence, Equations
(5) and (6) according to fasteners producer ETA [42] were used in this study.

Kerax (softwood) = 25-d- l(‘f (5)

Kser.u,\‘ (hardwood) — 30-d- lgf (6)

Experimental evidences have clarified that hold-downs’ shear strength is low compared to the tensile one (about one-tenth), while
angle brackets’ tensile strength is comparable to shear one [63,64]. However, the tensile and shear stiffnesses are comparable each
other in both cases. Therefore, the calculation of the panel uplift resistance must consider the angle brackets contribution.

In this study, K. values according to Eurocode 5 [31] were preliminary adopted.

The stiffness of steel-to-timber brackets, modeled as linear springs in N/mm, was derived by summing the K, contribution of each
screw according to Eurocode 5 [31], as per Equation (7), since its effectiveness in the prediction of experimental values was noticed in
Refs. [65,66]:

Kser = /71'5 . d/23 )

Hold down shear stiffness was set equal to 2/3 of axial one, whereas shear brackets tensile and shear stiffnesses were assumed
equal, as observed in the specimens tested in Refs. [63,64]. Base and inter-story hold-down brackets were given the same property
values.

The shear ji sheqr and axial ji ox interface stiffnesses of timber-to-timber joints, modeled as linear interfaces between shell elements,
and expressed in N/mm3, were calculated as per Equations (8) and (9):

n-Ke, n-K,
. shear — ser — ser 8
Jk.sh h —Ac (€)]
n-Keraw n-K
. w — ser,ax — ser,ax 9
Jk, h —A(‘ ©)

where n is the number of connectors, t the thickness of the panel and h its height, and A, the contact area between the two joints.
The axial stiffness Ker,qx was derived as per Equations (5) and (6). An arbitrary value of 1 N/mm? was used to prevent local out-of-
plane phenomena from arising in L-, T- and in-plane wall joints, floor and roof joints, since they could alter mode shapes. This
assumption was in line with overall box behavior shown by the specimen in IDs.
In the case of in-plane wall joints, where screws intersect both CLT and LVL elements, an equivalent density was considered for K,
values, as per Eq. 7.1 of [31] reported in Eq. (10):

/)m = Vv pm.l/)m,Z (10)

Table 5
Linear properties of CLT panels used in the Mockups (x is the in-plane direction parallel to grain of outer layers, y the orthogonal one, z the out-of-plane direction, see
Fig. 4).

CLT panel layers Thickness [cm] E, [MPa] Ey [MPa] E, [MPa] Gyys Gxz, Gzy [MPa]
3 10 7667 5250 417 690
5 14 9047 3869 417 690
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Since the floor joints were not provided with any fastened connections and rely only on components friction, a value equal to 0.001
N/mm? along shear planes was preliminarily assumed.

Table 9 summarizes the stiffness parameters estimations for conventional joints since the characterization of insulated ones is one
of the aims of this paper.

Since the mechanical characterization of sound-insulated joints is still unexplored for the most and analytical predictions have not
been provided in codes or technical documents, preliminary evaluations for insulated joints were not considered, and were estimated
only upon the model updating procedure. However, based on findings [7,8] discussed in Sub-Section 1.2, the stiffness of
sound-insulated joints are expected to be lower compared to conventional ones, and hence dynamic behavior of Mockup B altered,
especially for frequency values of mode shapes sensitive to insulated joints properties.

4. Results and discussion

4.1. OMA results

The first three principal modes identified for both mockups from modal analysis are: i) transverse bending (Fig. 8a), ii) torsional
(Fig. 8b) and iii) longitudinal bending (Fig. 8c). The natural frequencies detected varied between the two mockups, instead.

The modal frequencies and damping ratios identified through OMA applied to Mockup A and B are resumed in Table 6 and Table 7,
respectively. They revealed a good consistence among the various inputs (i.e., AVT, random excitations and mass shaker). Frequency
values were slightly lower for pLSCF, whereas a major variability was found in damping ratios, as already observed in Mugabo et al.
2019 [2]. The higher values were usually given by SSI, whereas pLSCF had the lowest ones (as noticed by Brownjohn et al. 2010 [67]).
Although the given differences among the three techniques, some observations can be done within each one. Damping ratios due to
random excitations were higher than AVT ones. Instead, the ones recorded by mass shaker were remarkably lower.

The comparison of the OMA outcomes of Mockup A and Mockup B led to the assessment of the differences on the dynamic response
upon the introduction of insulation layers within joints.

Fig. 9 reports a summary of the natural frequencies extracted. A decrease of such values was recorded between the mockups, with a
quite constant gap among the various OMA techniques and input sources, as noticeable in Table 8. In terms of frequency discrepancy,
the percentages vary between the 30 % and 20 %, with highest differences in the first mode. Since the masses and the geometries of the
two mockups are equivalent, the frequency drop was believed to be associated to structural stiffness.

The differences between mode shapes of Mockup A and B were assessed by means of MAC indexes comparison (Table 8). The
consistency among the various inputs was good, especially for the first mode shape. MAC indexes exceeded 0.9 for both AVT and
random excitations and surpassed 0.8 for the mass shaker. Damping ratios did not show a consistent variation to be associated with the
introduction of insulation.

4.2. Model updating

The outcomes of eigenvalue analysis associated with preliminary analytical properties, in terms of mode shapes, are presented in
Fig. 10, whereas the corresponding frequencies were equal to 7.05 Hz, 8.66 Hz, 10.73 Hz. The comparison between the experimental
and preliminary numerical outcomes of Mockup A shows the underestimation of frequency values by the numerical model, which were
closer to the Mockup B. However, it should be considered that brackets stiffnesses in Table 9 were conservative (as discussed in Section
3), since it is allowed to double the value of timber-to-timber fastened joints in case of steel-to-timber joints according to Eurocode 5
[31] (Equation (4)).

4.2.1. Sensitivity analysis
Sensitivity coefficient (Equation (1)) and factors (Equation (2)) were calculated, for a 1.2 multiplier and a 0.3-2 multiplier range,
respectively. Fig. 11 resumes the values found. These suggested that in-plane wall-to-wall joints ruled the frequency variations,

Fig. 8. Mode shapes calculated by the MACEC toolbox [40] for Ambient Vibrations: a) transverse bending, b) torsional, c) longitudinal bending (higher positive
normalized value in yellow, lower negative value in blue). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Table 6
Mode frequencies and damping ratios of Mockup A based on AVT, random excitations and mass shaker, according to EFDD, SSI-UPCX and pLSCF OMA techniques.
Mode Mockup A
Ambient vibrations Random excitations Mass shaker
EFDD SSI pLSCF EFDD SSI pLSCF FDD SSI pLSCF
Frequency [Hz]
1 8.71 8.74 8.67 8.62 8.62 8.66 8.34 8.38 8.01
10.89 10.92 10.83 10.80 10.76 10.77 - 10.16 10.02
3 16.74 16.95 16.91 16.7 17.38 16.85 - - 16.15
Damping ratio & [—]
1 3.42% 3.41% 2.26 % 3.76 % 4.08 % 2.86 % - 0.77 % 0.72 %
1.53 % 2.48 % 1.31 % 1.98 % 1.81 % 1.03 % - 0.42 % 0.53 %
3 2.64 % 3.32% 1.33% 3.18% 5.13 % 3.57 % - - 0.11 %
Table 7
Mode frequencies and damping ratios of Mockup B based on AVT, random excitations and mass shaker, according to EFDD, SSI-UPCX and pLSCF OMA techniques.
Mode Mockup B
Ambient vibrations Random excitations Mass shaker
EFDD SSI pLSCF EFDD SSI pLSCF FDD SSI pLSCF
Frequency [Hz]
1 6.10 6.08 6.15 6.09 6.1855 6.05 5.66 5.67 5.90
7.85 7.78 7.81 7.58 - 7.54 6.8 6.80 -
3 13.50 13.60 13.14 13.60 13.26 13.28 13.1 - -
Damping ratio & [—]
1 3.09 % 5.88 % 1.61 % 2.80 % 7.36 % 2.78 % - 0.18 % 0.20 %
1.17 % 2.37 % 0.60 % 2.39 % - 2.01 % - 0.78 % -
3 2.97 % 2.86 % 0.85 % 1.98 % 6.68 % 2.37 % - - -
18 EFDD SSli pLSCF EFDD SSi pLSCF EFDD SSI pLSCF
T
16 mMockup A
=Mockup B
14
12
N
<
>
13)
<
@
3
o
(L
L

6.10 | 8.74 | 6.08 | 8.67
7.85|1092| 7.78 | 10.83
13.50| 16.95| 13.60| 16.91 13.60| 17.38| 13.26| 16.86 | 13.28

Ambient vibrations Random excitations Mass shaker

Fig. 9. Mode frequencies [Hz] calculated for Mockup A (full color) and B (hatched color), according to OMA techniques and ambient vibrations (blue), random
excitations (red), harmonic mass shaker input (green). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

especially for torsional and longitudinal bending modes. Transverse bending was influenced for the most by the stiffness of the in-plane
wall-to-wall joints, and then hold-downs stiffness, floor joints, wall-to-diaphragms joints, floor joints, wall T-joints and foundation
shear brackets.

Torsional shape was strongly affected by wall in-plane joints, whilst wall-to-diaphragms and inner-diaphragms joints accounted for
about the half. Remaining parameters had negligible influence.

Longitudinal bending frequency was especially affected by wall-to-wall in-plane joints stiffness, whereas other parameters con-
tributions were significantly lower.

11
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Table 8
Frequency discrepancy, MAC indexes between Mockup A and B.
Mode Ambient vibrations Random excitations Mass shaker
EFDD SSI pLSCF EFDD SSI pLSCF EFDD SSI pLSCF

Df [%] Mockup A-B

1 29.94 % 30.47 % 29.04 % 29.37 % 28.23 % 30.10 % 3213 % 32.30 % 26.34 %
2 27.88 % 28.76 % 27.89 % 29.78 % - 29.95 % - 33.07 % -
3 19.36 % 19.79 % 2231 % 18.74 % 2371 % 21.19% - - -
MAC [-] Mockup A-B
1 0.96 0.96 0.93 0.97 0.92 0.96 0.82 0.81 0.81
2 0.92 0.81 0.67 0.92 - 0.93 - 0.74 -
3 0.87 0.85 0.86 0.90 0.87 0.89 - - -

C.

a.

Fig. 10. Typological numerical mode shape (shrink visualization): a) transverse bending; b) torsional; ¢) longitudinal bending.

Based on Equation (3), per each parameter, points which satisfied minimization of the function were detected and then manually
adjusted until the achievement of a satisfying updating.

The mechanical parameters of calibrated models are reported in Table 9. A noticeable discrepancy between Mockup A and B was
detected. Values of hold-downs for Mockup A were higher than Mockup B, but still lower than the one of Equation (4). The same values
needed to be reduced for Mockup B, where also insulation bedding is included. Lower gaps were found for angle brackets. Since it was
reported about 50 % and 40 % reduction of tensile and shear stiffnesses for angle brackets [7], the outcomes of model updating could
be considered consistent. However, it was necessary to reduce of a 30 % the in-plane wall joints stiffness to match frequency loss of
Mockup B respect to Mockup A. Since CLT panels assembling is a complex procedure with a consistent number of operations and joints,
some variability could be found even when same design is followed. Moreover, it must be noticed that the values adopted aimed at
calibrating the dynamic outcomes of the structure, and they can significantly differ from the ones obtained through static procedures
[68]. Additionally, parameters to which mode shapes were not sensitive could not undergo an updating procedure, meaning their
values cannot be validated from a structural point of view.

Table 10 and Fig. 12 summarize the results of calibration. The updating procedure worked well for the first and second modes (i.e.,
transverse bending and torsional), with numerical frequencies (Dyequals to 2.5 % and 6.85 % for the first and 7.9 % and 0.46 % for the
second, for Mockups A and B respectively) and mode shapes close to experimental ones. Although the MAC index was higher than 0.94,
the third mode frequency gap remained higher than 20 %. However, since the third experimental frequency was very high, structural
interest was believed minor compared to the other two. Moreover, similar discrepancy was found in the calibration of CLT structures
dynamic behavior [2].

5. Conclusions

The investigation of two building-scale specimens (about 4 x 9 x 6 m), named Mockup A and B, for conventional and acoustic
insulated solutions, respectively, led to the assessment of the effects of such details in the dynamic behavior of a CLT structure. Dy-
namic identification tests were performed on both mockups, applying various excitation input (i.e., ambient vibrations, random ex-
citations, harmonic mass shaker). According to the main aims of the study discussed in Section 1, the following conclusions can be
drawn.

— The adoption of sound-insulation induced a drop between 30 % and 20 % on mode frequencies, especially for the first one, whereas
the mode shapes were found unaltered for the most;

— parametric analyses showed that the model was sensitive especially to in-plane wall-to-wall joints, wall-to-diaphragm joints, and
hold-down stiffnesses. Thus, the dynamic behavior of specimens is believed to be related to the contributions of inter-story
insulation (wall-to-diaphragms T-joints) and hold-down brackets for the most;

— the assessment of the variation between mockups calibrated properties allowed to derive the influence of insulation on the dynamic
stiffness properties. Insulated diaphragm-to-wall joints stiffness was found to be 30 % of conventional ones; insulated hold-downs

12
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Fig. 11. Sensitivity coefficients and factors of transverse bending, torsional and longitudinal bending modes.

stiffness was about 30 % of conventional ones. These appear in line with [8], where about 60 % stiffness loss for lateral stiffness was
detected. Moreover, wall-to-wall in-plane joints had to be driven to a 35 % gap, especially for modes 2 and 3. Thus, it can be
concluded that frequency gap between the two samples, A and B, is expected to be related to both insulation and discrepancies in
the assembling of the Mockups;

— AVT and random excitations brought to similar outcomes, whereas mass shaker detected slightly lower frequency values, for both
mockups;

— the preliminary numerical model with parameters derived by Refs. [31,42] underestimated the experimental frequencies of both
mockups.

The study confirms the findings in such field [7,8] and enhances the need to consider the decrease of natural frequencies and
alteration of associated response to dynamic loads induced by acoustic insulation. Indeed, the frequencies shift can affect the design
seismic forces based on response spectra. The linear stiffness decrease could affect also ductility properties, although load-bearing
capacities were found unaltered [7,8]. Hence, the g-factor - estimated close to 3 for conventional assembling techniques [69,70] —
could potentially be updated and reduced. To this end, further investigations, e.g., quasi-static and shaking table tests, on full-scale CLT
specimens should be performed. Additionally, several other aspects of CLT structures following the introduction of insulation need to
be evaluated: i) conducting dynamic characterization in consideration of operational floor masses and potential upper-story loads, ii)
examining the impact of different types of insulation interlayers, and iii) investigating specific mechanical details that can mitigate the
structural decoupling caused by insulation. Upon achieving a comprehensive characterization of sound-insulated systems, updated
recommendations could be provided and further research on enhanced sound-insulation details and systems be developed.
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Table 9
Mechanical parameters of Mockup A and B for preliminary and calibrated models. Reference axes for spring and interface elements according to Fig. 7.
Connection Stiffness parameter Preliminary analytical Final calibrated values
category estimation Mockup A Mockup B
X y z X y z X y z

Timber-to-timber J1 Wall-to-Floor and 0.067 1 0.067 0.1 (+50 1 0.1 (+50 0.033 1 0.033
joints Wall-to-Roof [N/ %) %) (-50 %) (-50 %)
(interfaces) mm?]

Ja Floor joints [N/ 0.001 1 0.001 0.001 1 0.001 0.001 1 0.001
mms]

J3  Roof Joints [N/mm®]  0.067 1 0.96 0.067 1 0.96 0.067 1 0.96

J;  L-joints [N/mm?] 0.249 1 0.249 0.249 1 0.249 0.249 1 0.249

Js T-joints [N/mm?] 0.249 1 0.249 0.249 1 0.249 0.249 1 0.249

Je Wall in-plane joints 0.123 0.755 1 0.17 (+32 0.755 1 0.11 0.755 1
[N/mm®] %) (-15 %)

J7 Lintel-to-wall joints 0.067 1 0.067 0.067 1 0.067 0.067 1 0.067
[N/mm®]

Steel-to-timber B;  Plate shear bracket 46604 46604 46604 60000 60000 60000 35000 35000 35000
brackets (Foundation) [N/ (428 %) (+28 %) (+28 %) (-25 %) (-25 %) (-25 %)
(springs) mm]

B,  Angle shear bracket 55924 55924 55924 60000 60000 60000 50000 50000 50000
[N/mm] (+10 %) (+10 %) (+10 %) (-10 %) (-10 %) (-10 %)
B3 Hold down [N/mm] 46604 30000 30000 110000 50000 50000 35000 22500 22500

(+140 %) (+66 %) (+66 %) (-25 %) (-25 %) (-25 %)

Table 10
Comparison of experimental and calibrated numerical modal outcomes for Mockup A and B.

Frequency [Hz]

Preliminary Experimental Calibrated numerical
Mockup A Mockup B Mockup A Mockup B
7.05 8.71 6.10 8.49 6.52
8.66 10.88 7.85 10.01 7.89
10.73 16.74 13.6 13.3 10.33
Exp-FE frequency discrepancy Mockup A Mockup B .
25%
09
20% 08
15% o
— 06
L 10%
E 05
5% 04
0% 03
02
-5% g 1 .
XDer 2 1
10% " o 0
Mode E
Fig. 12. Experimental-numerical frequency discrepancies and MAC indexes for Mockup A and B.
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