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Abstract

This paper presents a comprehensive numerical study aimed at defining the conditions for
which Cross-Laminated Timber (CLT) floor diaphragms of platform-type CLT buildings
can be assumed rigid in linear seismic analyses. Numerical analyses are conducted on
a regular CLT archetype within a framework of parametric analyses, in which different
geometrical and mechanical parameters including the stiffness of the floor panel-to-panel
connections, the stiffness of the floor-to-wall connections, the floor span, the distance be-
tween two consecutive shear-walls, the lateral stiffness of the shear-walls, and the number
of storeys are varied. The conditions to ensure a rigid diaphragm behaviour are derived
by calculating the discrepancies in terms of floor displacements, distribution of lateral
forces in the shear-walls, and fundamental vibration period of the structure, between nu-
merical models where the floor is modelled with its actual deformability and as rigid. The
discrepancies are compared with threshold values given in Eurocode 8 and used to derive
the conditions for which CLT floor diaphragms can be assumed rigid. The study reveals
that the behaviour of the floor tends toward the rigid diaphragm condition by increasing
the stiffness of the floor panel-to-panel connections and the number of storeys, and by
decreasing the stiffness of the floor-to-wall connections, the ratio between the distance
between two consecutive shear-walls and the floor span, and the stiffness of the shear-
walls. Specific threshold values ensuring a rigid diaphragm behaviour are determined for
the properties of the system, delivering the geometrical and mechanical conditions for
rigid CLT floor diaphragms.

Keywords CLT - Floors - Rigid diaphragm - Shear walls - Numerical analyses - Linear
seismic analyses

1 Introduction
Floor diaphragms play a major role in the response of seismic force resisting systems

(SFRY), transferring the inertia forces to the vertical structural elements and ensuring that
the whole structural system responds as a single entity when subjected to seismic actions.
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For this purpose, floor diaphragms are designed with an adequate in-plane stiffness and
resistance and effective connections are adopted between the floors and the vertical ele-
ments of the SFRS.

A large in-plane stiffness of floor diaphragms is essential to limit the effects due to the
in-plane deformations of floor elements on the distribution of the inertia forces on the verti-
cal elements of the SFRS and to ensure the in-plane regularity in the seismic response of
the whole structure. When a floor diaphragm has an in-plane stiffness adequately larger
than that of the vertical elements, the seismic forces are distributed to the vertical elements
proportionally to their stiffness and not to their tributary area.

Significant simplifications can also be adopted in the structural analysis and modelling
of buildings when floor diaphragms can be regarded as rigid in their planes. The masses and
the moments of inertia of each floor can be lumped at the centre of gravity of the floor and
a diaphragm constraint can be adopted to connect a “master” joint, representing the centre
of gravity, to all other “slaved” joints of such floor. The constrained joints move together as
a planar diaphragm without affecting any out-of-plane deformation. A substantial reduction
of the number of degrees of freedom and a consequent reduction of the computational effort
is hence obtained when diaphragm constraints are adopted.

The rigid diaphragm conditions reported in international design codes and guidelines
are typically based on the determination of the in-plane lateral displacements of the floors.
The European code for seismic design of structures, the Eurocode 8 (EC8) (EN1998-1),
assumes that a floor diaphragm can be taken as rigid if the lateral displacements of the floor
obtained from considering its actual in-plane flexibility do not exceed by more than 10%
those resulting from the rigid diaphragm assumption. According to ASCE 41-17 (ASCE
2017), a floor diaphragm is conversely rigid when the lateral displacements of the floor are
less than or equal to half of the average drift of the inter-storey below the floor considered.
Less stringent conditions are applied by the American International Building Code (IBC)
(International Code Council (ICC) 2018), where a floor diaphragm can be assumed to be
rigid for the purpose of distribution of shear forces and torsional moments when the lat-
eral displacements of the floor are less than or equal to two times the average drift of the
inter-storey below the floor considered. The verification of the rigid diaphragm assumptions
can hence be performed only through the calculation of the lateral displacements of floor
diaphragms where their actual in-plane deformation is considered. As a result, a substantial
simplification in the structural analysis cannot be achieved if the actual in-plane flexibility
of floor diaphragms is implemented in the models of analysis.

As an alternative to rigorous conditions based on determination of the in-plane lateral
displacements of the floors through numerical models, some international codes (e.g. ECS8)
report prescriptive provisions under which floor diaphragms can be regarded as rigid. Struc-
tural details (e.g. minimum thickness of the topping layer in reinforced concrete slabs), geo-
metrical limitations (e.g. maximum span between vertical supports) and design rules apply
when floor diaphragms are taken as rigid.

Regarding timber structures, Eurocode 8 provides prescriptive provisions and detailing
rules for light-frame floors assembled with wood-based panels connected to timber beams
by mechanical fasteners. For such floor type, the rigid floor diaphragm condition can be
assumed to be satisfied when transverse blocking elements are placed between the timber
beams ensuring the nailing of all sheathing edges, no change of span-direction of the beams
over supports occurs, and openings do not significantly affect the in-plane stiffness of the
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floor diaphragms. Conversely, neither prescriptive provisions nor design rules are currently
reported for Cross-Laminated Timber (CLT) floor diaphragms. As a result, the verification
of rigid diaphragm conditions for CLT floors can be performed only through numerical
analyses where their actual in-plane stiffness is considered.

The absence of prescriptive rigid diaphragm conditions for CLT floors also in other inter-
national design codes and the review of the available literature, reported and discussed in
the next sections, highlights the need to establish better understanding of the conditions
under which CLT floors can be regarded as rigid. An in-depth investigation concerning
which values of structural and geometrical parameters should be considered in the design
process with the aim of assuming a rigid in-plane behaviour of CLT floors has not yet been
undertaken.

This paper presents the results of a parametric analysis aimed at the definition of the
in-plane rigid diaphragm conditions for CLT floor diaphragms. Through a comprehensive
study of the available literature and extensive numerical analyses, the conditions that assure
a rigid behaviour of CLT floor diaphragms in CLT platform-type buildings are identified
and discussed. Linear structural analyses, which represent one of the primary analysis types
used for the seismic design of buildings, are employed in the study.

The influence of the geometrical and mechanical parameters adopted in the design of
CLT floor components (CLT panels and connections) on 1) the distribution of elastic inertia
forces among the vertical elements of the SFRS, ii) the relative in-plane deformation of CLT
floor diaphragms and iii) the natural period of CLT platform-type buildings is analysed as
well. Two case studies of two CLT platform-type buildings were also conducted to demon-
strate the validity of the rigid diaphragm conditions obtained from the parametric analyses,
as detailed in Appendix A.

2 State of the art

Several research studies have been conducted in the last decade to investigate the in-plane
flexibility of CLT floor diaphragms. The studies have been carried out both at floor level
on full-scale floor diaphragms and on connections used to connect the CLT floor panels
one-to-another and to CLT walls underneath. A comprehensive state-of-the-art review on
performance, analysis, and design of mass timber (e.g. CLT) diaphragms was presented by
Popovski et al. (2023), summarizing the information available in the literature and in some
international building codes.

2.1 Studies at floor level

Four cyclic tests on two 5.00x4.27 m full-scale CLT floor diaphragms were conducted by
Kode et al. (2021) under two different floor layouts, namely simple-span and two-span con-
tinues panels, in a cantilever test configuration. The test results revealed a rigid behaviour of
the CLT panels and the energy dissipation in the connections, highlighting the importance of
tension chords in the transmission of internal forces. Similar outcomes were obtained from
the two full-scale 7.32 x7.32 m CLT diaphragms monotonically tested by Line et al. (2022).
The experimental campaign was conducted by means of a single-span test configuration
with the aim to verify design provisions on CLT diaphragms reported in ANSI/AWC 2021.
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The failure mechanisms were observed in the panel-to-panel and panel-to-beam connec-
tions while neither significant deformations nor failure of the CLT panels occurred. The tests
confirmed the adequacy of the design provision reported in the ANSI/AWC 2021.

Two different 7.30 x2.40 m CLT diaphragms with different configurations were tested in
Canada under a single-span test configuration by Popovski et al. (2023). Differently from
the tests conducted by Kode et al. (2021) and Line et al. (2022), where multi-panel CLT
floors were tested, both a multi-panel (i.e. 3-panel) and a single panel CLT floor configura-
tion was analysed to investigate the role of panel-to-panel connections. The results con-
firmed the strong influence of the panel-to-panel connections on the diaphragm’s behaviour
as demonstrated by the reduction of stiffness (i.e. 43%) from the single- to the 3-panel
floor configuration. With the primary goal of investigating the interactions between the CLT
panels and connections, assessing the in-plane ductility of CLT floor diaphragms as well as
compare the real performance of CLT diaphragms systems with that assumed in practice,
Beairsto et al. (2022) conducted a comprehensive experimental campaign on twenty-eight
full-scale 4.57 x4.57 m CLT floor specimens composed of three panels by means of mono-
tonic and cyclic tests. Different numbers of chord and panel-to-panel screw spacing as well
as two different CLT panel wood species, Douglas fir-larch and spruce-pine-fir, were con-
sidered in the definition of the test matrix. The test results showed that the flexibility and
ductility of CLT floor diaphragms is primarily influenced by the panel-to-panel connections.

Barbosa et al. (2018) investigated the behaviour of a 6.10x17.7 m CLT floor diaphragm
by means of a shake-table test on a 2-storey timber building. Two different diaphragm CLT
types were used: i) at the first floor, a CLT diaphragm composed of sixteen panels connected
by means of spline joints, ii) at the roof level, a CLT-concrete composite diaphragm. Both
CLT floors were designed to remain elastic during the simulated seismic events. Accelera-
tions at different locations of the CLT floors were measured during the shake-table tests to
evaluate the flexibility of the floor diaphragm. The results showed a non-uniform response
of the first-floor diaphragm (i.e., the diaphragm cannot be regarded as rigid) whereas for the
CLT-concrete composite diaphragm exhibited a more uniform acceleration pattern due to
the increased stiffness provided by the concrete top. Valuable information on the in-plane
behaviour of CLT floor diaphragm was also obtained from the cyclic test conducted by Pop-
ovski and Gavric (2016) on a two-storey full-scale platform-type CLT structure mock-up.
In this case, the results showed negligible in-plane deformations of the floor diaphragms,
which acted as rigid.

Loss and Frangi (2017) and Loss et al. (2018b) investigated an innovative steel-timber
hybrid floor diaphragm with modular prefabricated composite elements by means of experi-
mental tests and numerical analyses. The results of the experimental tests showed that the
main deformations of the floor were localised at the beam-to-beam steel joints while the
steel-CLT hybrid elements behaved elastically without failure.

Ashtari et al. (2014) analysed the in-plane behaviour of CLT floor diaphragm by means
of Finite Element (FE) numerical models. A parametric analysis was conducted on a CLT
diaphragm with the aim of investigating the geometrical and mechanical parameters on the
in-plane stiffness of CLT floor diaphragms. The lateral load distribution on shear-walls sup-
porting the analysed floor obtained from the FE analyses were compared to those determined
by two theoretical distributions, namely the tributary area and stiffness method, adopted in
the design procedure in case of flexible and rigid floor diaphragms, respectively. Moroder
(2016) and Moroder et al. (2015) presented a comprehensive study on the influence of dia-
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phragm stiffness on the dynamic behaviour of multi-storey timber buildings. The results
showed that the in-plane behaviour of CLT floor diaphragms can be well described through
an Equivalent Truss Model. Fakhrzarei et al. (2024) conducted a numerical parametric study
on CLT diaphragm deflection, highlighting the critical role of panel-to-panel connection
stiffness. It was found that panel thickness and connection stiffness impact deformation
differently based on load orientation, with staggered panel layouts offering generally better
load distribution and higher capacity.

A parametric numerical analysis was conducted by D’Arenzo et al. (2019) to investi-
gate the in-plane flexibility of CLT floor diaphragms and major deformation contributions.
Assuming that a CLT floor behaves like a deep beam, the diaphragm total deformation can
be mainly split into shear and bending contributions as shown in Fig. 1. The deformation
contribution to shear (A,) is given by (1) the in-plane deformation of the panels (Ay), (2) the
panel-to-panel connections acting parallel to the panel joints (A¢y) and (3) the floor-to-wall
connections along the shear-walls parallel to floor span (A,,). The bending contribution
(Ay) is conversely given by: (4) in-plane bending stiffness of CLT panels, (5) the panel-to-
panel connections acting perpendicular to the panel joints and (6) the floor-to-wall connec-
tions along the shear-walls perpendicular to the floor span. The results of this study showed
that the in-plane flexibility of CLT floor diaphragms is primarily governed by the panel-to-
panel connections, that CLT panels have a negligible influence on the floor in-plane flex-
ibility, as well as that floor-to-wall connections along the shear-walls perpendicular to the
floor span, act as a chord element.

2.2 Studies at connection level

The review of the available literature reveals that the in-plane behaviour of CLT floor-dia-
phragms is primarily governed by two types of connections: connections used to connect
CLT panel one-to-another (i.e. floor panel-to-panel connections) and those adopted to con-
nect the CLT floor panels to the walls below (i.e. floor-to-wall connection). In this subsec-
tion, a summary of the experimental campaigns conducted on such connections is reported
with the aim of defining a reasonable range of stiffness values to be used in the parametric
analysis presented in the current study and described in the next section.

Af-w AG, j

(@) (b)

Fig. 1 CLT floor diaphragm in-plane deformation mechanism readapted from D’Arenzo et al. (2019): a
shear deformation, b bending deformation
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(a) (b)

(c) (d)
Fig. 2 Examples of floor panel-to-panel connections: a outer spline-, b lap-, ¢ inner spline- and d
butt-joints

FY A F
F/2
F/2 F
(a) (b)

Fig. 3 Direction of the mechanical behaviour of the panel-to-panel joints considered in the study: a paral-
lel to the joint, b perpendicular to the joint

2.2.1 Floor panel-to-panel connections

Four types of joints are typically used to connect CLT panels one-to-another, namely outer
spline-, inner spline-, lap-, and butt-joints, see Fig. 2, where either nails, partially threaded
screws (PTSs) or fully threaded screws (FTSs) may be adopted. The mechanical perfor-
mance of such joints was investigated with reference to in-plane loads acting either parallel
or perpendicular to the joint direction (Fig. 3).

Lap-joints with five different types of PTSs, namely 6 x 80 mm, 6 x 120 mm, 8 x 80 mm,
10 % 140 mm and 8 x 90 mm were tested by Flatscher (2017), Gavric et al. (2015), Hossain et
al. (2019) and Yin et al. (2022) with loads acting parallel to the joint direction. In those tests,
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a range of stiffness per fastener equal to 0.19+1.27 kN/mm was determined. Lap-joints
with 8 x 140 mm FTSs were also tested by Hossain et al. (2019) showing values of stiffness
per fastener between 2.70 and 4.70 kN/mm. Spline joints with 8 x 80 mm PTSs were tested
by Gavric et al. (2015) and Hossain et al. (2019) showing values of stiffness per fastener
between 0.42 and 2.00 kN/mm.

For butt joints significant higher values of stiffness were found than those obtained for
lap- and spline-joints. Loss et al. (2018a) investigated the mechanical performance of panel-
to-panel connections in butt-joint configuration by using PTSs and FTSs arranged in dif-
ferent inclinations, with screw diameters between 10 and 12 mm and lengths between 140
and 200 mm. The results of this experimental study showed that the butt joint connections
cover a wide range of stiffness per fastener, ranging from 1.05 to 5.00 kN/mm. The stiffness
is largely influenced by the screw length as well as the insertion angle. Similar tests were
conducted by Hossain et al. (2019) on butt-joints with 8 x 140 mm FTSs. Also in this case,
different insertion angles were adopted, which brought to a wide range of stiffness per fas-
tener, ranging from 0.40 to 7.50 kN/mm.

Limited information is available on the mechanical behaviour of panel-to-panel connec-
tions subjected to an action perpendicular the joint directions. Gavric et al. (2015) tested lap-
joints, where 8 x 80 mm and 10 % 140 mm PTSs were used, and spline joints with 8 x 80 mm
PTSs, obtaining values of stiffness per fastener between 0.83 and 1.25 kN/mm. Butt-joints
with inclined 11 x100 mm FTSs were tested by Xiong and Huynh (2018) determining a
stiffness per fastener equal to 2.66 kN/mm.

2.2.2 Floor-to-wall connections

Screwed connections are typically adopted to connect CLT floor panels to wall panels
below. PTSs can be inserted in the narrow face of the wall panel with a small out-of-plane
inclination (i.e. 10°-15°), see Fig. 4 a, and are designed to transfer the floor-to-wall shear
load primarily acting in shear. Conversely, FTSs are usually 45° driven in the narrow face
of the wall panel, transferring the floor-to-wall shear load primarily acting axially in tension
or compression, see Fig. 4 b.

Flatscher (2017) and Gavric et al. (2015) tested three floor-to-wall connections with three
different types of PTSs, namely 8 x 280 mm, 10 % 180 mm and 10 x 260 mm. A stiffness per
fastener equal to 0.46 kN/mm, 1.49 and 1.45 kN/mm was found, respectively.

Brown et al. (2021) investigated the mechanical performance of perpendicularly arranged
wall-to-wall connections where 8 mm FTSs with lengths between 200 and 400 mm and with
different inclinations were used. Despite such tests were conducted on connections between
two perpendicular walls, the results can be extended to the case of floor-to-wall connections.
The results showed a range of stiffness per fastener, ranging from 0.80 to 11.25 kN/mm,
largely depending on the screw length and inclination. Floor-to-wall connections with 45°
inclined 7x 140 mm FTSs were tested by Xiong and Huynh (2018), where a stiffness per
fastener equal to 0.95 kN/mm was obtained.

A summary of the values of stiffness per fastener obtained from the tests available in
literature on panel-to-panel and floor-to-wall connections are reported in Table 1. The table
also reports the inclination of the screws according to angles shown in Fig. 5. It can be
observed that the range of stiffness are relatively wide, due to the significant influence of the
properties reported in Table 1.

@ Springer



1766 Bulletin of Earthquake Engineering (2025) 23:1759-1794

(@) (b)

Fig.4 Examples of floor-to-wall connections with a PTSs and b FTSs

3 Parametric analysis: methodology

A parametric analysis was conducted to define the in-plane rigid diaphragm conditions by
means of numerical analyses. The analyses were performed on a regular CLT archetype
with the aim of studying the influence of geometrical and mechanical parameters adopted
in the design of CLT floor components (CLT panels and connections) on: i) the distribution
of elastic inertia forces among the shear-walls of the SFRS, ii) the relative in-plane defor-
mation between the CLT floor diaphragms and the shear-walls and iii) the natural vibration
period of the archetype.

3.1 Description of the archetype

A symmetric multi-storey CLT platform archetype with a rectangular plan of dimensions
BxL is selected for the parametric analysis. At each storey, the archetype is characterized
by three longitudinal and two transversal single-panel CLT shear-walls with height 4, see
Fig. 6.

The two transversal shear-walls (W1T and W2T) and two of the longitudinal shear-walls
(WI1L and W3L) are placed on the perimeter of the archetype plan, while the longitudinal
wall W2L is aligned along the archetype longitudinal symmetry axis. The length of each
transversal and longitudinal wall is equal to B and L, respectively. The distance between
the central shear-wall W2L and each of the two outer longitudinal wall (W1L and W3L)
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Table 1 Summary of the values of stiffness per fastener obtained from the tests available in literature on floor
panel-to-panel and floor-to-wall connections

Panel-to-panel ~ Screw Diameter and length of Inclination = References Stiffness per
connections /  types  screws of screw fastener
(0, o)
Lap joint PTS, 6x80mm;6x120 mm; (0°,0°); Flatscher 0.19+4.70 kKN/mm
FTS 8x80 mm; 8x90 mm;  (90°,45°); (2017), Gavric
8x 140 mm; (0°,0°); etal. (2015),
(0°,0°); Hossain et al.
(0°,0°) & (2019) and Yin
(90°,45°);  etal. (2022)
Spline joint PTS 8x80 mm (0°,0°); Gavric et al. 0.42+2.00 kN/mm
(2015) and
Hossain et al.
(2019)
Butt joint PTS, 10+12x140+200 mm; (90°,45°) & Lossetal. 0.40+7.50 kN/mm
FTS 8x 140 mm; (90°,60°) & (2018a),
8x 180 mm,; (60°,45°) & Hossain et al.
(60°,60°);  (2019)
(90°,45°);
(67°,45°);
Total range 0.19+7.50 kN/mm
Panel-to-panel ~ Screw Diameter and length of  Inclination ~ References Stiffness per
connections L types  screws of screw fastener
(0, @)
Lap joint PTS 8% 80 mm; (0°,0°); Gavric et al. 0.83+1.25 kKN/mm
10x 140 mm; (0°,0°); (2015)
Spline joint PTS 8% 80 mm; (0°,0°); Gavric et al. 0.94 kKN/mm
(2015)
Butt joint FTS 11 x 100 mm; (90°,45°); Xiong and 2.66 kN/mm
Huynh (2018)
Totale range 0.83+2.66 kKN/mm
Floor-to-wall Screw  Diameter and length Inclination ~ References Stiffness per
connections of screw fastener
(ay, a)
With PTSs PTS 8 x280 mm; (0°,0°); Flatscher 0.46+1.49 kKN/mm
10x 180 mm; (0°,0°); (2017), Gavric
10x260 mm; (0°,0°); etal. (2015),
With FTSs FTS 8x200+400 mm; (0°,0°) & Brown et al. 0.80+11.25 kKN/mm
7 x 140°mm; (15°,30°); (2021), Xiong
(90°,45°); and Huynh
(2018)

Total range

0.46+11.25 kN/mm

is equal to i. The floors are made with CLT panels aligned along the longitudinal direction
and simply supported by the two transversal walls. The length of each floor panel is equal
to the longitudinal dimension L of the archetype, whereas b is the width of each floor panel.

Five different configurations of archetypes in terms of number of storeys N, namely one
to five, were considered with a constant inter-storey height /# equal to 3.18 m, as shown in
Fig. 7. For each configuration three different values of the distance i between the central
shear-wall W2L and each of the two outer longitudinal walls were analysed, namely equal
to 3, 5 and 7 m, resulting in a total transversal length B of the archetypes equal to 6, 10 and
14 m, respectively. The total longitudinal length L of the archetypes was conversely taken
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Panel-to-panel
connection

Floor-to-wall
connection

(a) (b)

Fig.5 Reference system used to measure the inclination of the screws

Fig.6 CLT platform archetype
considered in the parametric
analysis

equal to 5 m for all configurations. A uniformly distributed lateral load ¢ of 2.50 kN/m,
applied along the transversal direction, is applied on the floor at each storey, see Table 2
and Fig. 7. The magnitude of the load was calculated by considering the seismic weight of
a typical residential CLT building and an earthquake design spectrum with a peak ground
acceleration of 0.25 g. Moreover, a distribution of loads along the building height propor-
tional to the masses, according to Eurocode 8 provisions, was adopted. It should be noted
that, since linear analyses are conducted, the results are influenced only by the distribution
of the load along the building height and not by its magnitude.

In order to replicate realistic choices, the thickness and layout of the CLT panels for
the shear-walls varied along the height of the archetype, where lower storey panels were
assigned thicker panels. Four different types of the 5-ply CLT panels with orientation of
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l

Fig. 7 CLT platform archetype configurations of number of storeys N: a single-storey, b three-storey, ¢
five-storey

\

Table 2 Summary of the geo- Parameter
metrical and mechanical param-
eters of the multi-storey CLT
platform archetype considered in

Symbol  Values

Archetype longitudinal dimension; i.e. length L [m] 5
of longitudinal walls

the parametric analysis Archetype transversal dimension; i.e. length of B [m] 6;10; 14

transversal walls

Height of CLT wall panel H [m] 3

Inter-storey height h [m] 3.18

Number of storeys NI[-] 1;2;3:4;5

Floor panel length L [m] 5

Floor panel width b [m] 2

Floor panel thickness te[mm] 179

Wall panel thickness t, [mm] 100,
124;
137;
158

Horizontal load at each storey q [kN/m] 2.50

outer lamination along the vertical direction were selected, namely 100 (17-17-32-17-17)
mm, 124 (17-17-32-17-17) mm, 137 (33-19-33-19-33) mm and 158 (40-19-40-19-40) mm
(the bold notation was used to mark the layers parallel to the vertical direction). According
to (ETA-Denmark 2018), an elastic modulus parallel to the grain E,=11.5 GPa and a shear
modulus G,=0.69 GPa are assumed for the CLT laminations. The width of lamination was
assumed to be equal to 200 mm. 5-ply 179 (30-40-33-40-33) mm thick CLT panels were
selected for the floor of all storeys. The width and length of the floor panels are equal to
2 m and 5 m, respectively. As for the wall panels, an elastic modulus parallel to the grain
E;=11.5 GPa and a shear modulus G,=0.69 GPa are considered for the CLT laminations.
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The angle brackets used in this study are of type AE116 (ETA-Denmark 2016) and
they were supposed to be connected to the wall panel by means of 25 annular ring nails
4x60 mm. The types of hold-down device selected are WHT 340, WHT440 and WHT620
(ETA-Denmark 2015) connected to the wall panel by means of 20, 35 and 55 4.0 x 60 mm
annular ring nails. A bi-directional behaviour of the angle-brackets is assumed in the analy-
ses with a value of stiffness along the tensile-vertical and shear-horizontal direction equal to
5.98 kKN/mm and 2.89 kN/mm, respectively. The hold-downs are conversely considered to
be effective along the tensile-vertical direction with a value of stiffness equal to 5.70, 6.61,
13.25 kN/mm for WHT 340, WHT440 and WHT620, respectively.

The number and types of angle-brackets and hold-down selected for all shear-walls at
each storey was varied along the height of the building due to the cumulative lateral shear
force and overturning moment acting on the shear-walls, as reported in Table 3.

In order to take into account the influence on the lateral stiffness of shear-walls on the
plane rigid diaphragm conditions of CLT floors, three different configurations of archetypes
in terms of shear-wall stiffness were considered (S7, S3 and S§5). All three configurations of
archetypes were characterized by the same type and number of the angle-brackets and hold-
down reported in Table 3; however, the stiffness of angle-brackets and hold-down used in
configuration S/ were increased for configurations S3 and S5 in the analyses by a factor of
3 and 5, respectively, with the aim of simulating stiffer connections. The value of stiffness
of the longitudinal shear-walls for configurations S/, S3 and S5 were calculated according
to the analytical procedure reported in Sect. 3.3 and are equal to 10,382 kN/m, 31,163 kN/m
and 51,939 kN/m, respectively.

Different types of screwed panel-to-panel connections and floor-to-wall connections as
well as fastener spacing were selected in order to investigate the influence of such types
of connections on the rigid diaphragm conditions of CLT floors. Similarly to the strategy
adopted for the shear-walls, three different configurations were selected for both floor panel-
to-panel connections and floor-to-wall connections, corresponding to three different values
namely low (L), medium (M) and high (H), of stiffness per unit length.

The experimental studies on screwed floor panel-to-panel connections reported in
Sect. 2.2.1 reveal that the majority of the values of stiffness per fastener are in the range of
0.5-5 kN/mm (outer values are neglected in this case), both in direction parallel and per-
pendicular to the joint direction. Considering a realistic spacing between 200 and 250 mm,
a realistic range of stiffness per unit length of screwed panel-to-panel connections is 2— 20
kN/mm?. As a result, the stiffness of floor panel-to-panel connections per unit length K,
were taken equal to 2, 8 and 20 kN/mm? for the low, medium and high floor panel-to-panel
stiffness configuration, respectively.

Table 3 Distribution of CLT panel and connections along the height of the buildings considered in the para-
metric analysis

Storey 1-Storey archetype 3-Storey archetype 5-Storey archetype
t, [mm] HD AB t,[mm] HD AB t,[mm] HD AB
No.-type No No.-type No No.-type No
Sth 100 1 WHT340 4
4th 100 1 WHT540 6
3rd 100 1 WHT340 4 124 1 WHT620 8
2nd 100 1 WHT540 6 137 2 WHT620 10
Ist 100 1 WHT340 4 124 1 WHT620 8 158 3 WHT620 12
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Analogously, the values of stiffness per fastener obtained from the experimental tests of
the floor-to-wall connections reported in Sect. 2.2.2 cover a range approximately between
0.5 to 12 kN/mm. Considering a realistic spacing between 150 and 250 mm, a realistic range
of stiffness per unit length of screwed floor-to-wall connections is 3-45 kN/mm?. The stiff-
ness of floor-to-wall connections per unit length K., were taken equal to 3, 15 and 45 kN/
mm? for the low, medium and high floor-to-wall stiffness configuration, respectively.

A total of five different configurations of archetypes in terms of number of storeys with
three different values of total transversal length, three different values of shear-wall stiff-
ness, three different values of floor panel-to-panel floor stiffness and three different values
of floor-to-wall stiffness were analysed, yielding a total of 405 case studies.

3.2 Finite element numerical model

The numerical analyses were conducted by means of the commercially available finite ele-
ment (FE) software package SAP2000 [20]. Four-node quadrilateral homogenous shell ele-
ments were adopted to model both wall and floor CLT panels. A 200 mm meshing size was
selected based on a mesh analysis, in order to achieve a reasonable balance between accu-
racy and computation effort. Effective values of the modulus of elasticity along the vertical,
E, ., and horizontal, £, as well as of the in-plane shear modulus, G, were determined as
expressed by Egs. (1) to (3) to take into account the orientation and lay-up of the CLT panels
according to Bogensperger et al. (2010) and Brandner et al. (2017).

Eyt Fgot
Eeff,v = % (1)

Eoty + Egot,
torT

@

Eegryn =

Geft = Lz
1+ Ga (Laen)

w

3)

In Egs. (1) to (3), £, and E, are the moduli of elasticity in the direction parallel and perpen-
dicular to the lamination, ¢, and f, represent the total thickness of the vertical and horizontal
lamination, ¢, is the total thickness of the CLT panel, G, is the in-plane shear modulus of
the lamination, w is the width of the lamination, ¢#,,,,,, defined in Eq. (4), represents the mean

thickness of the lamination, and a can be calculated by using Eq. (5).

torr
tmean = n (4)
ay
tmean 70'79
ar = p(T) (5)

In Eq. (4) and (5), n,, is the number of the layers and p is a parameter equal to 0.535, for
three-layered CLT panels, and 0.425, for five-layered CLT panels.
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The hold-down and the angle brackets at the first and upper storeys were modelled by
means of one-joint and two-joint multi-linear link elements, respectively, see Fig. 8. The
mechanical behaviour of hold-downs and angle brackets in the tensile-vertical direction
was represented by a bi-linear curve, characterized by the corresponding tensile stiffness £;,
and k, , when subject to a tensile actions and a rigid behaviour when subjected to compres-
sion. The behaviour of angle-brackets along the shear-horizontal direction was assumed to
be linear with a value of stiffness &, . Vertical gap elements were located along the entire
base of the wall panels to simulate the contact with either the floor below (for the uppers
storeys) or the ground (for the first storeys). To prevent the horizontal displacement in the
out-of-plane direction of walls, rigid translation restrains were added at the bottom of each
wall at the ground floor.

Floor-to-wall connections were modelled as two-joint vertical link elements equally
spaced with a linear elastic behaviour acting along both the longitudinal and transversal
direction. The value of stiffness of each link was determined as the product of the selected
floor-to-wall connection stiffness per unit length multiplied by the mesh size.

Two-joint horizontal link elements were adopted to model the floor panel-to-panel
connections. A linear elastic behaviour was assumed in the direction parallel to the joint
whereas a bilinear elastic behaviour was adopted in the transversal direction to simulate
both the separation and the contact of the panel one-to-another. The same values of stiffness,
determined as the product of the selected floor panel-to-panel connection stiffness per unit
length and the mesh size, was used for the longitudinal direction and the transversal direc-
tion under tensile loads. A rigid behaviour was assumed to simulate the contact of the panels
in the transversal direction.

The effect of connections between the longitudinal and perpendicular walls (D’ Arenzo et
al. (2024)) and the contribution of vertical load on wall kinematic mechanism was ignored
in the model. The comprehensiveness of the study will be achieved by introducing these two
effects in ongoing and future research effort.

For the numerical models representing the cases with rigid diaphragms, rigid diaphragm
constraints were applied to all the joints of the same floor level, see Fig. 9. The constrained
joints of a certain floor were hence restrained to move together as a planar diaphragm that is
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Fig. 8 Numerical model of CLT archetype with non-rigid floors
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Fig. 9 Numerical model of CLT archetype with rigid floor diaphragm constraint

rigid against membrane deformations. Non-linear elastic static analyses were conducted in
order to take the non-linearity due to gap, hold-down, and angle bracket elements.

The adopted numerical modelling strategy is consistent with those presented in the lit-
erature. While the modelling approach for the walls follows established methods (see, for
instance, Ruggeri et al. (2023) and Casagrande et al. (2021)), the modelling strategy for the
floor has been further validated experimentally, as detailed in Appendix B.

3.3 Method of analysis

For each CLT archetype considered in the parametric study, the structural analysis was car-
ried out first on the model with the actual deformation (i.e. non-rigid floor model (Fig. 8)) of
the floor diaphragm and then on the model with rigid diaphragm (i.e. where rigid diaphragm
constraints were applied (Fig. 9)), considering different parameters related to the in-plane
behaviour of the floor.

According to the definition of rigid diaphragm condition given in Eurocode 8, the maxi-
mum floor displacements of the non-rigid floor model can be obtained from those obtained
from the models with rigid diaphragm as expressed by Eq. (6), where the parameter o, rep-
resents the increase of displacement when the floor is modelled with its actual deformation
and the subscripts NR and R refer to “Non-Rigid” and “Rigid” floor conditions, respectively.
The rigid floor diaphragm condition reported in Eurocode 8 is in fact based on the limit
value of the parameter a5, equal to 0.1 (i.e. 10%).

5NR:(1+01§)5R (6)

Furthermore, the comparison between the non-rigid floor and rigid floor models was con-
ducted in terms of two additional parameters, namely the shear force V acting on the cen-
tral shear-wall W2L and the natural vibration period 7 of the archetype. The discrepancies
between the two models for both parameters were calculated according to Eq. (7) and
Eq. (8). It should be noted that as the parameters a5, €y, and ep decrease, the behaviour of
the floor tends towards the rigid condition.
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Vg -V,
ey = % - 100[%] @)
NR
Tvg — T
er = L - 100[%] ®)
NR

The results of the parameter a5 and of the discrepancies ey and e, which represent indica-
tors of the floor in-plane behaviour, were analysed to study the influence of five variable
parameters used in the parametric analyses, namely the dimensionless distance between the
central longitudinal wall and the outer walls i/L, the number of storey N, the stiffness per
unit length of the floor panel-to-panel connection K.; the stiffness per unit length of the
floor-to-wall connection K .,,, and the shear-wall stiffness configuration (S7, S3 or S5).

Moreover, the values of the parameter a5 and the discrepancies €y and e were analysed
in relation to the ratio x between the in-plane stiffness of the floor, Ky, and the average
stiffness of the shear-walls of the SFRS, K, ,;;, see Eq. (9). This ratio describes the in-plane
behaviour of the floor within the structural system, being proportional to the relative in-
plane deformation of the CLT floor diaphragm and the CLT shear-walls.

For the calculation of the ratio s, the in-plane stiffness of the floor and the average stiff-
ness of the shear-walls, a subsystem within the CLT platform archetype considered in the
parametric analysis was considered, see Fig. 10a. The subsystem considered includes the
portion of floor between two adjacent shear-walls, along with the two shear-walls them-
selves, thus enabling a local evaluation of the in-plane behaviour of the floor. It should be
noted that the deformation mechanism of the subsystem considered for the calculation of
the ratio k, (Fig. 10a), differs from the actual deformation mechanism of the CLT arche-
type, as qualitatively shown in Fig. 10b. This simplifying assumption on the deformation
mechanism was made to simplify the analytical calculation of the floor stiffness in the floor
region between two consecutive shear-walls, enabling the methodology to be generalized
and applied to CLT buildings with various geometries and plan shapes.

K — Kfloor

9
Kwall ( )

Fig. 10 a Deformation mechanism assumed for the subsystem considered for the calculation of the ratio
k; b qualitative actual deformation mechanism of the CLT archetype
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In this subsystem, the in-plane stiffness of the floor can be calculated with Eq. (10), pro-
posed in the current study, where #, is the thickness of the CLT floor panels and G4,
represents the effective shear modulus of the CLT floor panels. Equation (10) assumes an
elastic behaviour of the floor and considers only the shear deformation mechanism of the
floor, while neglecting the bending deformation mechanism (see D’ Arenzo et al. (2019)). In
particular, it considers the displacement contribution of the panel-to-panel connections and
the panel shear deformation, while neglecting the displacement contribution of the floor-
to-wall connections and the panel bending deformation, see Fig. 11a. The correctness of
Eq. (10) was verified by means of FE simulations of CLT floors with different geometries
and mechanical properties.

—1

i i4b_9 i
Kfloor: d _< b L + ) (10)

A tioor 8 Ky t-L 8 -Geft fioor -ty L

On the other hand, the lateral stiffness of a single shear-wall can be calculated with Eq. (11),
according to Casagrande et al. (2016) and Seim et al. (2014), by considering the sliding and
rocking deformation mechanism of the wall and the shear panel deformation, while neglect-
ing the panel bending deformation contribution, see Fig. 11b. Equation (11) assumes an
elastic behaviour of the wall and can be used for both the external and the inner walls, being
independent on the wall position.

—1

q-i 1 h? h )

Kyall = = + == + an
wall 2. Awall (KAB Zi:l KVyizzz Geff,wall - !

In Eq. (11), K5 is the horizontal stiffness of all angle brackets, K, is the vertical stiffness
of the i™ connector on the wall base, x; is the distance of the i connector from the centre of
rotation of the wall, assumed in this model 10% of the wall length according to Casagrande
et al. (2016) and Seim (2024) to take into account the deformability of the timber in the
compression zone, £, is the thickness of the CLT wall panel, and G, represents the effec-
tive shear modulus of the wall panel.

It should be noted that the condition for rigid floor diaphragms, given in Eq. (6), can be
expressed as a function of the stiffness of the wall and the stiffness of the floor, allowing for
the derivation of an upper bound limit for the ratio « to ensure a rigid in-plane behaviour of

gL+ ¥ ¥ v v v v b e By Avan
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) : Z g b \ 2 ;
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SENEE e
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Fig. 11 Analytical models for calculation of the stiffness of the a floor diaphragm and the b shear-wall
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the floor. Considering the deformation mechanism depicted in Fig. 10a, Eq. (6) can be writ-
ten as function of the ratio between the displacement of the floor, A t;,,,, and the displace-
ment of the wall, A4, as presented in Eq. (12). By considering that the displacement of
the floor and the displacement of the wall can be written as function of their respective stiff-
ness, as shown in Eq. (13), the condition for rigid floor diaphragms can be further expressed
as function of the ratio x between the stiffness of the floor and the stiffness of the wall, as
presented in Eq. (14).

Afloor

Afloor + Apa = (]- + aé)Awall — Avall = Qs (12)
A oor = T~ Awa =-——Nb
fl K fioor (a) =g Kwall( ) (13)

Kfloor 2
o= —Jeer . Z 14
Kyar s 14)

4 Parametric analysis: results

This section presents the results of the parametric analysis on the CLT platform arche-
type. By way of example, Fig. 12 shows the deformed configuration of the CLT platform
archetype in the case of shear-wall stiffness S/, floor panel-to-panel connection stiffness
of K./=2 N/mm, floor-to-wall connection stiffness of K,,=3 N/mm, archetype transversal
dimension of B=10 m, and archetype longitudinal dimension of L=5 m.

(a) (b) (c)

Fig. 12 Deformed configuration of the numerical model of the CLT platform archetype: a single-storey,
b three-storey, ¢ five-storey
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4.1 The influence of the variable parameters

The values of the parameter o5 related to the maximum lateral horizontal displacement of
the CLT floor diaphragm are plotted in Fig. 13 and Fig. 14 as function of the dimensionless
distance between the central shear-wall and each of the two outer longitudinal shear-walls
i/L, for a value of stiffness of the floor-to-wall connection per unit length K, equal to 3
and 45 N/mm?, respectively. The results are organized in a matrix form. Each cell in the
matrix presents the results for the three selected values of the stiffness per unit length of the
floor panel-to-panel connections (K and the three different configurations of archetypes in
terms of shear-wall stiffness (S7, S3 and S5). Within each cell of the matrix, five curves are
reported. These curves correspond to the five selected numbers of storeys (one to five). Each
point of the curves refers to the storey where the greatest value of s is obtained.

An increasing trend of a5 is observed for increasing values of the parameter i/L, while a5
decreases when the stiffness of the floor panel-to-panel connections (K. increases. More
interestingly, it can be noted that o5 decreases for increasing values of the number of sto-
reys, N, and it increases as the stiffness of the floor-to-wall connections (K .,,) increases. Fig-
ure 13 (referring to K., =3 N/mm?) shows that ass is always lower than 10% for K, =20 N/
mm? and number of storeys N>2, for any values of shear-wall stiffness (SI to S5) and
dimensionless distance i/L considered in the parametric analysis. On the other hand, for
K, =8 N/mm?, a5 is lower than 10% only for values of the parameter i/L < 1.4 and number
of storeys N>2. For higher floor-to-wall connection stiffnesses (see Fig. 14 referring to
K, =45 N/mm?), the parameter i/L play a more import role, with the maximum values of
the parameter «s increasing for increasing values of the dimensionless distance i/L. In this
case, values of the parameter a5 lower than 10% are found for Kf_f:20 N/mm?, number of
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Fig. 13 Maximum values of the parameter s, plotted against the ratio i/L, in case of K., =3 N/mm.?
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Fig. 14 Maximum values of the parameter s, plotted against the ratio i/L, in case of K., =45 N/mm.?

storeys N> 1, dimensionless distance i/L <1.0, for any values of shear-wall stiffness (S7 to
S5) considered in the parametric analysis.

The maximum values of discrepancy ey related to the shear force acting on the central
shear-wall is shown in Fig. 15 as function of the dimensionless distance /L, for a value of
the stiffness of floor-to-wall connections per unit length K, =45 N/mm?. The curves show
trends similar to those reported in Fig. 13 and Fig. 14, but generally lower values of €y than
those found for a5 are found since all values of €y are in the range between 0 and 25%. In
general, values of €y lower than 10% are obtained for stiffness of the floor panel-to-panel
connection Ky ;=20 N/mm?, number of storeys N> 1, K, <45 N/mm?, dimensionless dis-
tance i/L <1.4, for any values of shear-wall stiffness (S7 to S5) considered in the parametric
analysis. As shown in Fig. 16, the values of ¢y obtained for K, =45 N/mm? are always
greater than those obtained for values of K., =3 kN/mm? and K.,=15 kN/mm?, represent-
ing hence the most stringent condition.

The values of discrepancies e related to the fundamental period 7 are plotted in Fig. 17
as function of the dimensionless distance i/L. The trends of the curves are similar to those
shown for a; and ey. For values of floor panel-to-panel connection stiffness K =2 N/
mm?, e is not greater than 50%, whereas, for K. ;=20 N/mm?, 7 is not greater than 20%.
Values of e lower than 10% are obtained for K, =20 N/mm?, number of storeys N>1,
K¢, <45 N/mm?, for any values of shear-wall stiffness (S to S3) and dimensionless dis-
tance /L considered in the parametric analysis. Similarly to the results obtained for €y, as
shown in Fig. 18, the values of er obtained for K., =45 N/mm? are always greater than
those obtained for values of K, ,,=3 N/mm? and K. ,=15 N/mm?, representing hence the
most stringent condition.
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Fig. 15 Maximum discrepancy ey plotted against the ratio i/L, in case of K., =45 N/mm.?
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Fig. 16 Maximum discrepancy ey plotted against the floor-to-wall connection stiffness, K.,

4.2 The influence of the ratio between the floor stiffness and the shear-wall
stiffness

The values of the parameter s and the discrepancies ey and €7 were also analysed by
considering the influence of the ratio x between the in-plane stiffness of the floor K, and
the average stiffness of the shear-wall K|, as previously described in Sect. 3.3. In par-
ticular, for the calculation of k, the stiffness Ky, was calculated considering the portion of
floor between two consecutive shear-walls, whereas the K, was calculated considering the

average stiffness of the two consecutive shear-walls (see Fig. 10a).
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Fig. 17 Maximum discrepancy e plotted against the ratio i/L, in case of K., =45 N/mm.?
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Fig. 18 Maximum discrepancy et plotted against the floor-to-wall connection stiffness, K.,,

The dependency of the parameter a5 from the ratio « is plotted in a logarithmic scale
in Fig. 19 in a matrix form as function of the floor-to-wall connection stiffness K.,, and
the number of storeys N, (for N>1 the values are related to the floor level where the maxi-
mum values of os were obtained). As expected, a decreasing trend of the parameter o is
observed with increasing valuers of the ratio x. A not negligible reduction of a5 is also
observed with the increase of the number of storeys N and with the decrease of the floor-
to-wall connection stiffness K.,,. It is noteworthy to observe that for all analysed cases of
multi-storey archetypes,as is lower than 0.1 for values of « larger than or equal to 10.

For each curve of Fig. 19, a power regression equation was determined as expressed by
Eq. (15):
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Fig. 21 Maximum discrepancy e plotted against the ratio x

y=a-r’ (15)

In Eq. (15), y represents o5 and a and b are the two parameters governing the power regres-
sion equation. The determined values of @ and b were in the range of 0.07 to 1.90 and -0.7
and -1.00, respectively. The coefficient of determination R? was greater than 0.90 for all
cases with K., greater than or equal to 15 N/mm? while a R? between 0.8 and 0.9 was
obtained for values of K., equal to 3 N/mm?. This difference is reasonably related to the
assumptions used for the definition of the in-plane stiffness of the floor, in which only the
shear deformation mechanism was considered. In fact, when low values of K, the bending
deformation of the floor may contribute to the global flexibility of the floor according to
D’Arenzo et al. (2019).

In Fig. 20 and Fig. 21 the dependency of the discrepancy €y and er from the ratio & is
plotted in a logarithmic scale in the same matrix form used for the parameter os.

The results for £, shows a slighter decreasing trend than that observed for parameter
as with also a smaller influence of both K, and the number of storey N. The values of
the coefficient of determination R? are approximately in the range of 0.65 and 0.80, show-
ing an overall larger dispersion of the obtained values. Also in this case, for each curve a
power regression equation was determined as expressed by Eq. (15), where in this case y
represents €y and the values of @ and b are in the range of 0.03 to 0.30 and -0.45 to -0.60,
respectively. In this case, in case of multi-storey archetypes, €y is always lower than 10%
for values of x larger than 4.
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Table 4 Conditions of rigid floor diaphragm for single-storey and multi-storey CLT archetypes as a function
of the variable parameters

N=1 N>1
Keg Kew i/L Ker K¢y i/L
[N/mm?] [N/mm?] 1 [N/mm?] [N/mm?] -]
ey < 10% >20 <45 <1.0 >20 <45 <14
er < 10% >20 <45 <l4 >20 <45 <22
as < 10% >20 <45 <0.6 >20 <45 <1.0
<3 <14
Table 5 Conditions of rigid floor N=1 N> 1
diaphragm for single-storey and
. K K
multi-storey CLT archetypes as a
function of k ] ]
ey < 10% >15 >
er < 10% >5 >1
as < 10% >25 >10

The observations for e are not much different from those obtained for €y with the only
exception that a much smaller dispersion of the values of data was obtained. The values of
the coefficient of determination R? are approximately in the range of 0.90 and 1.00. The
power regression equation was determined as expressed by Eq. (15), where in this case y
represents £ and the values of @ and b are in the range of 0.01 to 0.40 and -0.65 and -0.95,
respectively. In this case, in case of multi-storey archetypes, 1 is always lower than 10%
for values of « larger than 1.

5 Rigid floor diaphragm conditions for the analysed archetypes

The results reported in the previous section are adopted to define the conditions for which
CLT floors of the analysed archetypes can be assumed to be modelled as rigid for linear
seismic analyses.

Imposing an upper limit value of the floor displacement parameter as not greater than
10% according to Eurocode 8 (EN1998-1) and, accepting a maximum value for the dis-
crepancy related to the shear forces on the inner shear-walls €y and of the discrepancy on
the natural period of the archetype 1 not greater than 10%, the conditions of rigid floor
diaphragm are summarized in Table 4 for single-storey and multi-storey archetypes.

The analyses conducted considering the ratio x between the floor stiffness K, and the
shear-wall stiffness K, also reveal that both the floor displacement parameter o and the
value of discrepancy €y and e are not greater than 10% for the values of ratio « presented
in Table 5. It should be noted that the limit values of « that ensures a5 < 0.1 for one-storey
archetype is consistent with the values of « that would be obtained from Eq. (14) for a

2 2

value of a5 equal to 0.1 (k = = = 57 = 20). The difference between the values of 25

and 20 may be due to several aspects, such as the fact that the CLT archetype consists of
three shear-walls rather than two or the fact that in the calculation of k, the floor stiffness is
calculated with an analytical model that considers only the shear deformation of the floor.
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However, in case of multi-storey archetypes, the limit value of & is equal to 10. This
discrepancy from the condition obtained for one-storey archetype is primarily due to a more
complex interaction that exists between floors and shearwalls in multi-storey lateral load
resisting systems.

A preliminary validation of the proposed conditions is presented in Appendix A, where
two case studies representing real cases of CLT platform-type buildings are considered.
These cases provide initial insights into the applicability of the conditions derived from the
parametric analysis.

6 Conclusions

This paper presented a numerical study on the in-plane stiffness of CLT floor diaphragms
in CLT platform-type buildings. The study investigated the in-plane behaviour of CLT floor
diaphragms, in the context of linear seismic analyses, considering the provisions of different
international design codes and in particular Eurocode 8 (EN1998-1).

The study was addressed by considering numerical analyses of a CLT platform arche-
type with regular geometry. Within a parametric analysis framework, the most influential
geometrical and mechanical properties of the structure, such as the ratio between the dis-
tance between two consecutive shear-walls and the floor span /L, the stiffness of the floor
panel-to-panel connections K., the stiffness of the floor-to-wall connections K., the lateral
stiffness of the shear-walls K, ;, and the number of storeys N, were varied, to define the
geometrical and mechanical conditions for which the assumption of rigid floor diaphragm
may be adopted in linear seismic analysis with reasonable accuracy.

The stiffness properties of the connections of the floor were selected based on a state-of-
the-art review presented in the paper, differentiating between low, medium, and high stiff-
ness values, whereas the other geometrical and mechanical properties of the structures were
chosen to be representative of construction practices.

Furthermore, the study focused on evaluating the in-plane behaviour of CLT floors by
considering the ratio x between the in-plane stiffness of the floor K, and the shear-wall
lateral stiffness K,,,,;. A simplified analytical model is proposed to calculate the in-plane
stiffness of the floor, whereas a model from the literature in considered for the calculation
of the shear-wall lateral stiffness.

The evaluation of the in-plane behaviour of the floors was conducted by comparing the
results in terms of floor displacements, distribution of the shear force in the shear-walls, and
the natural period of the structure, of numerical models where the in-plane behaviour of
the floor was considered with its actual deformability and as rigid. The discrepancies of the
results of the models with actual deformability and rigid behaviour of the floor were com-
pared with threshold values reported in Eurocode 8 (EN1998-1) and were used to evaluate
the floor in-plane behaviour.

With this approach, the rigid floor diaphragm conditions were derived.

Based on the analyses conducted in this study, the following conclusions can be drawn:

e The in-plane behaviour of the floor tends toward the rigid diaphragm condition by in-
creasing the stiffness of the floor panel-to-panel connections K., and the number of
storeys N, and by decreasing the stiffness of the floor-to-wall connections K., the ratio

W
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between the distance between two consecutive shear-walls and the floor span #/L, and
the stiffness of the shear-walls K, ;.

e An in-plane rigid behaviour with discrepancies in terms of floor displacements, shear
force distributions and fundamental period lower than 10% was observed for floor pan-
el-to-panel connection stiffnesses K.,>20 N/mm?, floor-to-wall connection stiffnesses
K., <45 N/mm?, ratio between the distance of two consecutive shear-walls and the span
of the floor i/L <1.0, and number of storeys N> 1. More rigid diaphragm conditions can
be found in Table 4.

e The ratio s between the stiffness of the floor, Kj,,,, and the shear-wall stiffness, K.,

is a good indicator of the in-plane behaviour of the floor. The results of the parametric

analysis of the multi-storey archetypes showed an in-plane rigid behaviour with discrep-
ancies in terms of floor displacements, shear force distribution and fundamental period

always lower than 10% for values of k = I;L"‘L’I > 10, providing an easy-to-use condi-

tion to evaluate the in-plane behaviour of CLT floors in CLT platform-type structures.

The conditions outlined above where derived based on analysis of a reference CLT building
with regular geometry, representing ideal conditions rather that real cases. Therefore, vali-
dation of the proposed methodology on CLT platform-type structures with real case studies
is necessary to ensure its reliability and applicability in practical scenarios.

As a first attempt to validate the methodology, two CLT buildings representing real cases
were considered (Appendix A). These initial comparisons revealed discrepancies in terms
of floor displacements, distribution of shear force in the shear-walls, and the natural period
of the structure, which were close to those obtained in the analysis of the reference CLT
building.

The findings of the current study may have significant implications for current design
standards, such as Eurocode 8. The results of the study suggest potential updates to the
provisions related to the in-plane stiffness requirements for CLT floor diaphragms, par-
ticularly in the context of linear seismic analyses. The conditions derived for achieving a
rigid diaphragm behaviour may serve as guidelines for refining the criteria in Eurocode 8,
ensuring more accurate and reliable seismic performance predictions for CLT platform-type
structures.

Appendix

A: Case studies

In this section, two case studies are presented to provide a preliminary validation of the rigid
diaphragm conditions discussed in Sect. 5, which were derived from the parametric analysis
conducted on the CLT archetypes described in Sect. 3.1. These case studies aim to highlight
potential differences and assess the applicability of the proposed conditions to real-world
scenarios.
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A.1. Description of the case studies and method of analysis

The first case study consists of a two-storey CLT building with plan dimensions of
7.80%8.00 m. 5-ply 100 mm and 5-ply 158 mm CLT panels are used as for shear-walls and
floor elements at both storeys. The shear-walls are anchored to the foundation and to the sto-
rey below by means of either one or two WHT440 hold-downs connected to the CLT panels
with thirty 4 x60 mm annular ring nails and by AE116 angle brackets connected to the
panels with 25 annular ring nails 4 x 60 mm. The layout of shear-walls and floor elements as
well as the layout and the number of hold-downs and angle-brackets adopted per each shear-
wall is shown in Fig. 22. The panel-to-panel connections of the floor elements were made
with spline joints, where 8 x 140 mm PTSs with a spacing of 300 mm were used, whereas
PTSs 10 %320 mm with spacing of 230 mm were used for the floor-to-wall connections.

A five-storey CLT buildings with plan dimensions of 20.00 x 7.00 m is analysed as sec-
ond case study. CLT wall panels of different thickness along the building height are used,
namely: 5-ply 140 mm at the first floor, 5-ply 120 mm at the second and third floor, and 5-ply
100 mm at the two upper storeys. 5-ply 140 mm CLT panels were used as floor elements at
all storeys. The shear-walls are anchored to the foundation and to the storey below by means
of either WHT740 hold-downs and WHT620 hold-downs connected with seventy-five and
fifty-five 4 x 60 mm annular ring nails, respectively, and TCN240 angle brackets fastened
with 30 annular ring nails 4 X 60 mm. The layout of the shear-walls and floor elements as
well as of the number and layout of mechanical anchors (Hold-down and angle brackets) are
shown in Fig. 23. The panel-to-panel connections of the floors were made with a combina-
tion of butt joint with inclined 7% 180 mm FTS with spacing of 300 mm, whereas two 45°
FTSs 11 x400 mm with spacing of 350 mm were used for the floor-to-wall connections.

The analyses were conducted with the same strategy as that adopted for the CLT arche-
types described in Sect. 3. The uniform distributed loads calculated through a linear static
analysis were applied at the floors of each storey parallel to the floor panels. A peak ground
acceleration equal to 0.22 g with a soil type C according to the Italian National Building
Code (D.M.17/01/2018.) was adopted for the seismic design of both buildings.

For each case study, the analyses were carried out both first on a finite element model
(developed according to the procedure described in Sect. 3.2) of the building where the
actual deformation (i.e. non-rigid floor model) of the floor diaphragm was considered, and

B Angle bracket: AE116 A (x1) Hold-down: WHT440 A (x2) Hold-down: WHT440

32 18 16 , 32 , 18 , 16 , 22 , 22 , 22

10,12 ,10 09,
10,12 10,09

.

6.0

16

1

0.9

3.0 3.0 8.0

First floor Second floor Floor panels arrangement

Fig. 22 First case study used for the validation
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Fig. 23 Second case study used for the validation

then on the model where rigid diaphragm constraints were applied simulating the rigid dia-
phragm condition.

The comparison between the non-rigid floor and rigid floor models was conducted cal-
culating the parameters «s, representing the increase of displacement when the floor is
modelled with its actual deformation, as well as the discrepancies €y and 7, representing
the differences of the total shear forces in the shear-walls and the building natural periods,
respectively, between the model where the floor was modelled with its actual deformation
and the model with rigid floor.

A.2. Results and discussion: calculation of the values of as, v, e
The parameters a5 are obtained from the two case studies on each floor as reported in
Table 6. In both cases, the maximum values are reached at the first floor consistently with

the results obtained for the archetypes and are not greater than 3.5%.

The absolute values of discrepancies €y are reported in Table 7 for both case studies for
all shear-walls parallel to the load direction with a length greater than 1.2 m. The obtained

Table 6 Storey displacements o ioi

and o Valuesy of tlr:e two case S_torey Non-rigid Rigid 0:,6

studies ] [mm] [mm] [%]
Case study 1
Ist 4.5 44 2.71
2nd 9.2 9.0 1.61
Case study 2
Ist 26.9 26.1 3.27
2nd 68.7 66.7 3.02
3rd 1222 119.3 2.46
4th 176.4 173.1 1.95
Sth 2252 223.1 0.94
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Table 7 ¢y values of the two case studies

Wall ev[%]

1D 1 [m] 1st storey 2nd storey 3rd storey 4th storey Sth storey
Case study 1

1 3.5 1.9 1.9

4 3.5 0.5 0.6

6 34 0.8 1.6

5 3.1 0.5 0.7

7 2 7.4 3.8

Case study 2

1 6.9 33 3.5 2.5 1.1 6.5
3 6.9 5.8 4.8 4.1 2.3 9.0
5 6.6 4.5 4.6 3.7 1.9 6.1
4 42 0.5 2.1 0.9 0.1 7.3
2 3.6 3.5 7.0 5.6 2.8 26.3

Table 8 e values of the two

Non-rigid Rigid ET
case studies

Case study 1

[sec] [sec] [%]
0.274 0.269 1.78
Case study 2

0.695 0.687 1.21

values are not greater than 10% with the only exception of wall #2 located at the Sth storey
of case study 2, for which a discrepancy equal to 26% was obtained. It is noteworthy to
mention that this wall was loaded with the lowest shear load compared to all the other shear-
walls on the same floor, representing only 1% of the total floor shear load.

The discrepancies e are reported in Table 8 showing values lower than 2% in both case
studies.

From the low values of the parameters «s and the discrepancies €y and 7 obtained
from the analyses, it seems reasonable to assume that the rigid diaphragm conditions are
acceptable for both case studies. Adopting a rigid constraint at floor levels did not cause a
significant variation in terms of floor displacement, shear loads in the shear-walls and natu-
ral period of the building.

A.3. Results and discussion: validation of rigid diaphragm conditions

To validate the results of the parametric analysis with the CLT archetypes and their appli-
cability to real CLT buildings, the results of the two case studies in terms of a5, ey ,er are
compared with those obtained from the parametric analysis. The validation was carried out
by comparing the values of s, £y, calculated in the two case studies with those obtained
in the parametric analysis, considering (i) the variable parameters, namely the dimension-
less distance between the central longitudinal wall and the outer walls i/L, the number of
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storey N, the stiffness per unit length of the floor panel-to-panel connection K .; the stiffness
per unit length of the floor-to-wall connection K., and the shear-wall stiffness configuration
(S1, §3 or S5), (results from Figs. 13, 14, 15, 16, 17, 18), and (ii) the ratio x between the
in-plane stiffness of the floor, Kj,,,, and the average stiffness of the shear-walls of the SFRS,
K, (results from Figs. 19, 20, 21).

The variable parameters and the ratio « of the two case studies are reported in Table 9. As
the values of the variable parameters vary depending on the storey considered, the analysis
of the variable parameters was focused on the first storeys of the case studies, where the
most stringent conditions for a rigid in-plane behaviour of the floors are observed. In this
analysis, the values of the stiffness per unit length of the floor panel-to-panel connections,
K, and the floor-to-wall connections, K., of the two case studies were calculated using the
analytical expressions provided in Eurocode 5 (EN1995-1-1 2008).

For the calculation of the ratio , which depends on the floor stiffness K, and the aver-
age shear-wall stiffness K,,,;;, a subsystem as that one shown in Fig. 10 is identified within
the considered building, enabling a local evaluation of the in-plane behaviour of the floor.
As the ratio  can be calculated in different regions of the floor between two consecutive
shear-walls, the calculation was conducted for all region of the floor between two consecu-
tive shear-walls, and then the maximum value was considered. According to the results of
the parametric analyses, the highest values of x were found in the subsystems with the
maximum distance between two consecutive shear-walls at the first storey. The maximum
distance between two consecutive shear-walls, i, for case study 1 and case study 2 are equal
to 6.0 m and 6.6 m, respectively.

Moreover, in the case of the case study 1, where the floor panels span over multiple
shear-walls, an effective shear-wall stiffness K,,,;; ., was considered for the calculation of
- The effective shear-wall stiffness X, ., was calculated by first summing the stiffnesses
of the aligned shear-walls, assuming they work as an in-parallel system, and then taking the
average of the two summed stiffnesses, as expressed by:

Ketwatia,s + Kset,watte, 7 (Kwatia + Kwaus) + (Kwaie + Kwairr)

Kualleff = D) = 2 for case study 1

KwallS + Kwall4

5 for case study 2

Kwall,eﬁ" =
where, the stiffness of each shear-wall was determined according to the analytical procedure
expressed in Eq. (11) of Sect. 3.3.

The variable parameters reported in Table 9 were used to predict the values of as, ey
and e from the parametric analyses conducted with the CLT archetypes. For this, as the
variable parameters did not exactly match the values presented in Figs. 13, 14, 15, 16, 17,
18, linear interpolations between the values of the variable parameters were applied. The

Table 9 Geometrical and mechanical properties of the two case studies

Casestudy N Ker K, i L i/L K airer Koor K

-] [Nmm? [N/mm?] [m] [m] [-] [kKN/mm]  [KN/mm] [-]
1 2 9.96 13.83 60 78 077 1497 334.70 2236
2 5 9.33 116.51 66 72 091 5873 218.79 3.73
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Table 10 Comparison of a5, €y, €T from the parametric analysis (Figs. 13, 14, 15, 16, 17, 18 and Figs. 19,
20, 21) and the case studies

Case study Prediction based on Prediction based on k
/L, N, K, Keyo Kyan (Figs. 19, 20, 21)
(Figs. 13, 14, 15,16, 17, 18)
as [AVs T as [AVs T
[%] [%] [%] [%] [%] [%]
1 Predicted from archetypes 3.30 2.42 0.73 3.44 2.97 0.87
Real 2.71 7.40 1.78 2.71 7.40 1.78
2 Predicted from archetypes 6.54 3.51 0.42 9.76 3.87 0.54
Real 3.27 5.80 1.21 3.27 5.80 1.21

predicted values were then compared with the maximum values obtained from the FE analy-
sis of the case studies (Tables 6, 7, 8).

Table 10 presents the comparison between the values of the variable parameters pre-
dicted from the parametric analysis and from the values obtained from the FE analysis of the
case studies. It should be noted that, since the value of K., for the case study 2 exceeded the
range of the values adopted in the parametric analysis (>45 N/mm?) the interpolation was
conducted by extending the linear trend obtained between the values 15 N/mm? and 45 N/
mm? up to the value of 116.51 N/mm?.

The results shown in Table 10 indicate relatively close predicted and real values of the
parameters oy, £y and €y, confirming that the outcomes derived from parametric analyses
conducted with the CLT archetypes can be extended to real cases.

B: Validation of numerical models

This section presents an experimental validation of the numerical modelling strategy of
the floor, which was used in the parametric analysis. The experimental tests on CLT floors
conducted by Véliz et al. (2024) were used for the validation. A 3.6 x2.4 m CLT floor in a
single-span configuration was considered, as shown in Fig. 24. The floor consisted of three
S-layer CLT panels with a total thickness of 165 mm (each layer measuring 33 mm), a width
of 1200 mm, and a length of 2400 mm. The floor panel-to-panel connections were made
using outer spline joints and pairs of 5.6 x 150 mm PTSs spaced at 400 mm. The experiment
was conducted as a four-point bending test, with two monotonic in-plane loads applied to
the central CLT panel and two supports placed at the edges of the two external CLT panels.

The experimental test described above was simulated by using a numerical model devel-
oped in SAP2000, following the strategy outlined in Sect. 3.2. The CLT panels were mod-
elled as orthotropic shell elements with a 200 mm mesh size, as illustrated in Fig. 25. The
floor panel-to-panel connections were modelled as two-joint links, with linear elastic behav-
iour assumed in the direction parallel to the joint and bilinear elastic behaviour in the trans-
verse direction to simulate both the separation and contact between panels. The same stiff-
ness value was used in the direction parallel to the joint and in the transverse direction for
the separation of the panels. The elastic properties of the CLT panels were calculated using
Eq. (1), (2), and (3), with an elastic modulus E, equal to 11,600 MPa and a shear modulus
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265 mm
rj Screws

1200 mm F F SDWS22600
r—»l 5.6 x 150 mm

Plywood

2400 mm
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165 mm
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3600 mm

Fig. 24 CLT floor considered for the experimental validation (tests conducted by Véliz et al. (2024))

G, equal to 690 MPa for timber. The stiffness of the links simulating the floor panel-to-
panel connections was assigned based on the experimental tests conducted by Masroor et
al. (2024), where panel-to-panel connections with outer spline joints and 6.0 x 70 mm PTSs
were tested. It is important to note that the stiffness value of 1.0 kN/mm found in the tests
by Masroor et al. (2024) was scaled by a factor of 0.93 (calculated as the ratio 5.6/6.0) to
account for the difference in diameter with the connections used in the experimental tests
by Véliz et al. (2024). Consequently, a stiffness of 0.93 kN/mm was considered for the
panel-to-panel connections, which, when combined with a spacing of 400 mm, resulted in a
stiffness per unit length K ; of 2.33 N/mm?,

Fig. 25 Deformed configura-
tion of the numerical model of -0.7
CLT floor considered for the

validation F l F =212kN -1.3
-1.9

26 N
33
3.9 [
4.6
5.2
5.9
6.5
g %) I
78

-8.5
-9.1

[ww] juswaoe|dsip [BOILBA
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Table 11 Geometric and elastic properties of the floor numerical model

i L b tCLT Ny Gy K/—f Eeffv Eeth Geff

[m] [m] [m] [mm] [-] [mm] [N/mm?] [N/mm?] [N/mm?] [N/mm?]
3.6 2.4 1.2 165 5 33 2.33 6600 4400 490
Tablg 12 _Comparlson of the Kaoornum K poor Exp Discrepancy
elastic stiffness of the floor [KN/mm] [kN/mm] %]
numerical model and the experi- 2

mental tests 4.61 4.40 4.88

To simulate the boundary conditions of the experimental tests, two vertical constraints
were added to the external corners of the two external CLT panels, and two vertical forces F
were applied to the central CLT panel. A non-linear elastic static analysis was performed to
account for the non-linearity introduced by the panel-to-panel connections. The geometric
and elastic properties of the floor numerical model are provided in Table 11.

Table 12 presents the results in terms of the elastic stiffness of the numerical simulations
and the experimental tests. The numerical floor stiffness Kgo,, nup Was calculated by divid-
ing the total load applied to the floor, i.e.2 F, by the displacement at the floor midspan. The
experimental floor stiffness Kq,,, gxp Was determined as the slope of the line passing through
the origin and the point on the load—displacement curve of the experimental test with an
ordinate equal to 40% of the maximum load. The discrepancy between the numerical and
experimental stiffness amounts to 4.88%, demonstrating the reasonable accuracy of the
numerical model in predicting the elastic response of CLT floors subjected to in-plane loads.
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