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This study presents an analytical method for the elastic lateral displacement calculation of platform-type cross
laminated timber (CLT) lateral load resisting systems using a matrix approach. The current state-of-the-art
models for lateral deflection calculation of single- and multi-panel CLT shear-walls systems were extended
from single-storey cases to generalized multi-storey multi-panel CLT shear-wall systems. The proposed calcula-
tion method was validated against tests on twelve single-storey shear-walls and one two-storey shear-wall from
four previously conducted experimental campaigns. The 2D lateral displacement analytical calculation model

was then further expanded to the 3D application for CLT lateral load resisting systems through a matrix
approach. The matrix method was verified against an analytical-numerical comparison on two case studies. The
proposed analytical model forms a solid foundation for a potential implementation of this lateral deflection
model for CLT shear-wall systems in the next generation of standards such as Eurocode 5 and CSA O86.

1. Introduction and objectives

Cross laminated timber (CLT) is a versatile engineered wood product
(EWP) that has been present in the construction landscape for the past
three decades. Significant developments have been made in terms of
production and technology, developing basic characteristic material
properties, proposing design methods [3], as well as establishing per-
formance in seismic-prone areas [25]. The use of CLT as a structural
material has been prevalent in low-rise buildings, while increasingly
penetrating the mid-rise and tall building market [33,39].

Due to the relative lightweight and flexible nature of CLT structures,
lateral deflection may become the governing criteria in design of
structural members, as well as connections in multi-storey CLT build-
ings. Although design methods for the ultimate limit state design of CLT
shear-wall systems have been reasonably well-established (e.g. [15]),
research on establishing the lateral deflection has been lacking, and
calculation procedures are not yet available in current versions of timber
design standards (e.g., [6,10]).

CLT shear-walls in platform-type construction typically comprise of
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single- or multi-panels, where single-panel walls can be considered as
monolithic, whereas multi-panel walls consist of two or more aligned
wall panels, typically connected together with mechanical fasteners. The
choice of multi-panel CLT shear-walls may be motivated by material
efficiency in case of walls with window and door openings, and limita-
tions associated with manufacturing and transportation size limits. More
importantly, in seismic design, where capacity design principles need to
be met, multi-panel CLT shear-walls provide superior behaviour in terms
of energy dissipation and controlled failure sequence and mechanism,
due to higher deformation capacity exhibited in those systems,
compared to single-panel walls [14].

Several analytical models are currently available in the literature for
the evaluation of the elastic lateral displacement of single-storey CLT
shear-walls. Lukacs et al. [20] compared the state-of-the-art analytical
approaches, and reported that the most significant deformation contri-
butions of CLT single-panel shear-walls without openings are attributed
to the flexibility of the connections (e.g. hold-downs and angle
brackets), used to connect the CLT shear-walls to the foundation or to
the storey below. It was also reported that the proposed methods differ
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from one-another mainly in the calculation of the lever arm used to
calculate the compressive deformations at the wall panel edge in the
rocking kinematic mode, as well as the assumptions related to assigning
uni- or bi-directional behavioural characteristics to the mechanical an-
chors. For multi-panel shear-walls, most analytical proposals have been
developed for two-panel CLT shear-walls (e.g., [12,13]) while a more
general approach involving m-panels was developed by Casagrande
et al. [5]. Complete proposals accounting for multi-storey effects such as
lateral deflection contributions due to cumulative rotation and the
flexibility of floor-to-wall connections have, so far, not been presented.

The effects of the structural interactions between shear-wall seg-
ments and other structural elements (i.e. floors and perpendicular walls)
on the lateral response of CLT shear-walls have been investigated. The
effect of the floor diaphragm on the rocking behavior of two-panel CLT
shear-walls was investigated by Tamagnone et al. [37]. The results
showed that the floor-to-wall connection played a significant role in the
response of the analysed shear-wall whereas the out-of-plane bending
stiffness of the CLT floor panel had a negligible effect. Similarly, Ruggeri
et al. [32] conducted parametric numerical analyses to investigate the
influence of the floor-to-wall connection on the mechanical behaviour of
CLT shear-walls with openings. The interaction between CLT shear-walls
and perpendicular walls was studied by Gavri¢ and Popovski [15] and
Ruggeri et al. [31]. It was demonstrated that the contribution of the
hold-down anchored to the perpendicular wall may significantly
contribute to increase in the rocking stiffness and strength capacity of
CLT shear-walls when adequate wall-to-wall connections are adopted to
transfer the shear load between the two perpendicular CLT panels.

The main aim of this paper is to propose a general analytical
approach to be implemented in the design of platform-type CLT shear-
wall lateral load resisting systems, in order to facilitate the calculation
of the elastic lateral displacement of multi-storey CLT shear-walls con-
sisting of single- or multi-panel walls. In the proposed model, angle
brackets’ contribution can be considered as uni-directional (shear) or bi-
directional (shear and tension), while hold-downs are considered to be
uni-directional (tension only). The analytical model can also be appli-
cable to CLT shear-wall systems with openings in cases where the wall
consists of assemblies of wall segments, lintels and parapets, while walls
with openings cut out of the panel are out of the scope of this study due
to the higher degree of complexity in the stress distribution in the CLT
panel. It should also be noted that the presented analytical model cannot
be directly used for balloon-type shear-wall systems for which an
adaptation of the analytical expressions would be necessary to consider
the continuity of CLT panel along the height of the shear-wall. The ef-
fects of perpendicular walls and the interaction between shear-walls and
floor diaphragms are also outside the scope of this study.

The specific objectives include: i) synthesizing the available analyt-
ical models for single- and multi-panel single storey CLT shear-walls; ii)
extending the applicability of the models to multi-storey; iii) proposing a
novel matrix approach for the elastic lateral displacement of multi-
storey platform-type CLT lateral load resisting systems (LLRSs); and
iv) providing an analytical approach which can be used by practitioners
as an alternative to finite element models for the purpose of calculating
the lateral displacements of CLT buildings, or by software developers to
implement in structural analysis design software. The study contains
novelties, discussed for the first time in the current paper, necessary to
deal with lateral displacements of CLT multi-storey systems, such as the
displacement contribution due to the floor-to-wall connections and to
the cumulative rotation, discussed in Section 2, and the principle of the
rocking displacement consistency, which is discussed in Section 3.3. The
proposed analytical model is validated against twelve single-storey
shear-walls and one two-storey shear-wall consisting of single- and
multi-panel walls obtained from experimental test results. The expres-
sions are also verified against a numerical model through two case-
studies.
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2. Lateral displacements of isolated multi-storey CLT shear-wall
2.1. General displacement behaviour

The total lateral displacement of an isolated multi-storey platform-
type CLT shear-wall at the rh storey, d,, can be obtained as the cumu-
lative inter-storey lateral displacements, &;, from the 1* to the rh storey,
as presented in Eq. (1) and illustrated in Fig. 1 for a four-storey CLT
building example.

dr = i 6i (1)
i=1

The inter-storey lateral displacement, §;, is obtained from the sum of
six displacement contributions, as presented in Eq. 2, and shown in
Fig. 2. These include: i) in-plane shear deformation of the CLT panel, 5s;,
ii) in-plane bending deformation of the CLT panel, &g, iii) rigid body
sliding of the shear-wall related to the lateral (shear) flexibility of the
angle brackets, &4;, iv) sliding between the shear-wall under consider-
ation and the floor above related to the flexibility of the floor-to-wall
shear connections, &;, v) rigid body rocking of the shear-wall related
to the flexibility of vertical joints (for multi-panel shear-walls) and
vertical (tensile) flexibility of the mechanical anchors (i.e. hold-down
and angle brackets), &z;, and vi) the lateral displacement associated
with the rotation of the storey below the wall under consideration (i.e.,
(i—1)th storey), 8y;, which takes into account the cumulative rotation
effects along the height of the multi-storey shear-wall.

6i = 85 + 0B+ 0Oai + Opi + Ori + Soii (2

The proposed analytical methodology to obtain the six contributions
outlined in Eq. (2) is presented for single-panel and multi-panel CLT
shear-walls with no openings, considering uni- or bi-directional behav-
iour of the angle-brackets.

The height and total length of the shear-wall under consideration at
the if" storey are defined as h; and B, respectively, while the depth of the
floor above the wall at the i storey is taken equal to hgo,r;. It is assumed
that hold-downs are located at each end of the shear-wall, and n, angle
brackets are distributed along the total length of the shear-wall, (see
Fig. 3).

The internal actions on the shear-wall at the i storey include the
total lateral shear loads, V;, total axial load due to gravity, Nj, total
overturning moment acting at the bottom of the shear-wall due to the
lateral loads, M;, and the total overturning moment acting at the top of
the shear-wall due to lateral loads, M; p, as illustrated in Fig. 3.

2.2. Displacement contributions for single-panel CLT shear-wall

2.2.1. Panel deformation

The inter-storey lateral displacement of a single-panel CLT shear-
wall associated with the in-plane shear deformation of the panel, Js;,
can be expressed as outlined in Eq. (3), according to Hummel et al. [16].

Vieh;

a0 3
St G iotcir;i @ B;

where tcr; is the total thickness of the CLT panel at the i storey
and Gy, is the effective in-plane shear modulus of the CLT panel,
which can be calculated according to Brandner et al. [2], as expressed by
Eq. (4).

GO,i

2
1+6eq;e (t’";—“l’")

where Gy; is the average in-plane shear modulus of the laminations, w; is
the width of the laminations or the distance between the edge and a
groove in a lamination, and tpyean; is the mean thickness of laminations.

Gyyi = 4)
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Fig. 1. Lateral displacements of a 4-storey isolated multi-storey platform-type CLT shear-wall.
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Fig. 2. In-plane displacement contributions. i) shear, ii) bending, iii) rigid body sliding, iv) sliding between shear-wall floor panel above, v) rigid body rocking, vi)

rotation at top of the shear-wall at the storey below.
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Fig. 3. Internal actions on single-panel (a) and multi-panel (b) shear-wall at the
i-th storey.

The parameter ¢; can be calculated using Eq. (5), where values of p are
taken equal to 0.535 and 0.425 for a three- and five-ply CLT panel,
respectively.

£\ 079
al — p ° ( mean,l) (5)

wi

The inter-storey lateral displacement due to panel bending

deformation, &p;, can be obtained from the beam theory, as expressed
in Eq. (6).
M; top. ohi? Vieh;®
Spi = ——— 6
M 2 (ED)ogt * 3e (EI)eff,i ©

where (EI),g ; is the effective bending stiffness of the CLT panel at the ith
storey, and it can be obtained as expressed by Eq. (7).

B’3 ng Ny
(ED)ypy; = ﬁ . Z (Eox ® tx) + E (Esox ® txx) @)
k=1 k=1

where Epx and  t,; are the modulus of elasticity parallel to grain and
the thickness of the k™ vertical lamination, respectively, Egox and  t
are the modulus of elasticity perpendicular to grain and the thickness of
the k™ horizontal lamination, respectively, and n, and ny are the number
of laminations along the vertical and horizontal direction, respectively.

2.2.2. Sliding of shear-wall and displacement between shear-wall and floor
panel above

The inter-storey lateral displacement due to sliding of the shear-wall,
Sa,, can be calculated using Eq. (8).

Vi

Sas = 1
M7 Kag

()

where Ky ; is the stiffness of the shear-wall due to sliding, calculated as
the product of the lateral shear stiffness, K, ;, of angle brackets and the
number of angle brackets, ng;, namely Ka; = Kqx,; ® Ng,.

The inter-storey lateral displacement due sliding between the shear-
wall under consideration and the floor panel above, F;, can be obtained
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from Eq. (9) as follows:

Opj = —>— 9
R R )]

where K ; is the stiffness of the wall due to the floor-to-wall connections,
calculated as the product of the lateral-shear stiffness, K ;, of a floor-to-
wall connection and the number of floor-to-wall connections, ny;,
namely Kp_i = Kf,xi ® Ny ;.

2.2.3. Rocking deformation

Several proposals have been presented in the literature for the
calculation of the inter-storey lateral displacement due to the rocking of
a single-panel CLT shear-wall, 6g;, [13,24,30,35]. In this paper, a
modified version of the proposal presented by Gavric et al. [13] is
adopted as shown in Eq. (10). Differently from Gavric et al. [13], the
length of the contact region between the shear-wall and the ground or
the floor below is taken into account in the calculation of the lever arm.

The rocking deformation is expressed as the difference between the
inter-storey lateral displacement due to the overturning moment at the
base caused by lateral loads, &g m;, and the lateral displacement due to
the stabilizing effect of the total vertical load, &gn;. When the stabi-
lizing effect of the vertical loads is greater than the overturning moment
caused by lateral loads (i.e., g mi < Srn,i), the rocking of the shear-wall
is prevented and, as a result, the inter-storey lateral displacement due to
the rocking kinematic mode, &g, is assumed equal to zero.

Sr;i = max(dgmi — Orn,i; 0); (10)

The inter-storey lateral displacement due the overturning moment
caused by the lateral loads from Eq. (10), &gy, can be obtained from
the product of the inter-storey rotation due to the overturning moment
caused by lateral loads, ¢g,,;, and the inter-storey height, hiy;, as
expressed in Eq. (11).

OrMi = Ppm; ® Minti an

where the inter-storey height is calculated as the sum of the shear-wall
height and the floor depth, namely hine; = hi + haoor.;-

The inter-storey rotation due to the overturning moment caused by
the lateral load, ¢g,;, is obtained from the ratio of the overturning
moment acting at the top of the shear-wall, M;, and the rocking stiffness
of the shear-wall at the i storey, Kg;, as expressed in Eq. (12). The
stiffness of the shear-wall due to rocking can be calculated according to
Eq. (13) by considering the vertical tensile stiffness of all mechanical
anchors that are subjected to uplift (i.e. mechanical anchors that are not
within the contact zone).

M;
PrMi = KT“ (12)
Naz<Na
Kii = Kna; ® (Sna — bc‘i)z + Z {Ka‘z.k o (Sak — bc,i)z] 13)

k=1

where Kpq; is the vertical tensile stiffness of the hold-down, n, is the
number of angle-brackets exhibiting uplift, K, is the vertical tensile
stiffness of the k™ angle bracket subjected to uplift, s,q and sq are the
distance of the hold-down and of the k™ angle bracket from the shear-
wall end, respectively, and b.; is the length of the contact region be-
tween the shear-wall and the ground or the floor below, as illustrated in
Fig. 4.

The value of b.; can be calculated by considering the deformation
contribution related to the contact zone between the panel and the
foundation or the floor panel below [36], or alternatively, it can be
assumed in the range of 0.05B; and 0.1B;[4]

The lateral displacement due to the stabilizing effect of the cumu-
lative vertical load, 6&grnj, is calculated as the product of the inter-
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Fig. 4. Rocking kinematic mode of a single-panel shear-wall.

storey rotation due to the vertical load, ¢gy;, and the inter-storey
height, hiy i, according to Eq. (14).

SrNi = @rN; ® Pinei 14

where the inter-storey rotation gy ; can be obtained according to Eq.
(15).

N; ¢ (0.5B; — b;
PRNI = Nie (0. K ~bed) (15)
Ri

The total inter-storey rocking rotation ¢, defined as the ratio be-
tween the inter-storey lateral displacement due to the rocking kinematic
mode of the wall, &z;, and the inter-storey height hy,;, can hence be
calculated as outlined in Eq. (16).

Orii

Pri = h

= max(qaR,M‘i — ¢rni;0) (16)

int,i

2.2.4. Rotation of storey below

The inter-storey lateral displacement associated with the rotation of
the storey below the wall under consideration, 5y;, can be calculated
according to Eq. (17).

(39'1 = 91‘,1 [ ] him.i with i > 1 (17)

where 0; ; is the rotation at the top of the shear-wall at the (i-1 )th
storey, calculated according to Eq. (18).

Oi1 =02+ @p; 1 +Pria 18

where 0;_5 is the rotation at the top of the shear-wall at the (i—Z)th storey,
@p;_1, is the rotation at the top of the shear-wall at the (i-1 )™ storey due
to the panel bending deformation, as obtained in Eq. (19), and ¢g; ; is
the rotation at the top of the shear-wall at the (i—l)th storey due to the
rocking, calculated according to Eq. (16), where index i is replaced with
index i-1.

Viqe hi 4>
2@ (EDggr; 4

Mi—l.top. o hi;
(EI)eff.i—l

The parameter 6, in Eq. 17, when i = 1, accounts for the rotation of
the substructure below the shear-wall at the ground level and can be
assumed equal to zero when the substructure deformation contribution
can be neglected.

Ppi1 = (19)

2.3. Displacement contributions for multi-panel CLT shear-wall

2.3.1. Kinematic modes
Differently from the case involving single-panel CLT shear-walls,
only a limited number of proposals are available in the literature for
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the analytical prediction of the lateral displacement of multi-panel CLT
shear-walls. This behaviour is more complex since it relates to different
kinematic rocking modes, which may occur depending on the relative
stiffness between the hold-down and the vertical joints. According to
Casagrande et al. [5] such kinematic modes include Coupled-Panel (CP),
Single-Wall (SW) and Intermediate (IN) kinematic behaviours, as illus-
trated in Fig. 5.

The CP kinematic mode is observed in cases of relatively stiff hold-
down, where each panel is in contact with the ground (or the floor un-
derneath the wall), as shown in Fig. 5(a). The SW kinematic mode occurs
in cases, where the hold-down is flexible relative to the vertical joints,
and a single centre of rotation is attained for the entire shear-wall (Fig. 5
(c)). The IN kinematic mode contains both CP and SW modes and only
some of the panels are in contact with ground (Fig. 5(b)).

The proposed analytical models presented in Casagrande et al. [5]
for m-panels shear-walls are adopted in this paper to calculate the
inter-storey lateral displacement due to the rocking of multi-panel
shear-walls composed of m panels with the same length b.

According to Casagrande et al. [5], if the multi-panel shear-wall is
anchored to resist uplift at the corners and the uplift contribution of
angle-brackets is neglected, the CP, IN and SW kinematic modes can be
obtained when Egs. (20), (21), and (22), respectively, are satisfied:

Knai _ 1 — Njo 332 . .
—hdi SZ7® W cp kinematic mode (20)
Kii = 1-Njem
1-N; Kng; 1—Njedm2

T i 270w N kinematic mode (21)
1+Ne(m—-2) Kvi 1-Nen3
Knas 1-N; ) .

hdi = ! SW kinematic mode (22)

Kii “1+Nie(m—2)

where Kj4; is the vertical tensile stiffness of the hold-down, K,; is
the shear stiffness of the vertical joint, N; is the dimensionless vertical
load on the shear-wall at the i?? storey, which can be obtained according
to Eq. (23).

7Ni.m'b
T 2eM;

2)

(23)

When the uplift contribution of equally spaced angle-brackets is
taken into account, the CP kinematic mode can be attained when the
condition expressed in Eq. (24) is satisfied, according to Masroor et al.
[21].

1_ Ni'[gn:f72]

< i.{m. (1#’;‘;) —2e[1-+aefem] }
1) -

m2

K
Kv‘i

>

(24)

where f and « can be obtained using Eqs. (25) and (26), respectively.

_ Ka,z.i
Khai

p (25)

(@)

(b)
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2

g (2 okt 1)
6o (+1)

Currently, there are no available expressions in literature for the

rocking kinematic mode conditions associated with the SW and IN be-
haviours, when the uplift contribution of angle-brackets is considered.

a= (26)

Ng
m k
el

2.3.2. Panel deformation

The inter-storey lateral displacements due to the panel shear defor-
mation, Js;, can be calculated in a similar manner as presented for
single-panel shear-walls according to Eq. (3), where B; is taken as the
total length of the shear-wall (i.e., B; = m e b;). The inter-storey lateral
displacement due to panel bending deformation 8g;, can be calculated
using Eq. (6), where (EI); is the total bending stiffness of the entire
multi-panel shear-wall. Similar to composite beams, the total bending
stiffness should include the stiffness of the vertical joints between the
panels. Such stiffness is expected to range between the value of bending
stiffness related to m separate panels (EI),; and the value related to a
single-panel shear-wall (EI)_;, with the same total wall length, as
expressed by Eqgs. (27) to (29). The determination of (EI); is a function
of several variables, including the elastic modulus, thickness of the
wooden lamellae, width of the CLT panels and the stiffness of the ver-
tical joints, and may require engineering judgment depending on the
wall configuration and stiffness of the vertical joints between the panels.

(ED)o; < (ED)yg; < (EI)y; 27)
b~3 n; Ny
(EI)g; =mee ﬁ . [ (Eox ® tx) + (Esox ® txx) ] (28)
k=1 k=1
B3 n, n
(EDyi==5¢ (Eox ® tzx) + (Eoox ® tex) (29)
1215 =1

2.3.3. Sliding of shear-wall and displacement between shear-wall and floor
panel above

The inter-storey lateral displacements due to the rigid body sliding of
the wall, 54 ;, and the sliding between the shear-wall under consideration
and the floor panel above, §g;, can be calculated with the same approach
adopted for a single-panel shear-wall, according to Eqgs. (8) and (9).

2.3.4. Rocking and rotation of storey below

The analytical methodologies developed by Casagrande et al. [5] and
Masroor et al. [21] are adopted for the calculation of the rotation due to
the rocking of the shear-wall, ¢y ;, for CP and SW modes as expressed in
Egs. (30) and (31). Analytical expression for the calculation of the
rocking rotation for the IN kinematic mode can be found in Casagrande
et al. [5] for the case where the uplift contribution of the angle brackets
is neglected. For the SW mode, there are currently no analytical ex-
pressions available in literature when the uplift contribution of the angle
brackets is considered.

©

Fig. 5. Kinematic rocking modes for multi-panel CLT shear-wall, CP (a), IN (b) and SW (c).
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@r; = Max(@gu;cp — Price; 0) for CP mode (30)
@i = MAX(Pprisw — Pruviswi 0 )for SW mode 31

where @gy;cp and @gyisw are the inter-storey rotation due to the
overturning moment caused by lateral loads for the CP and SW mode,
respectively (Eqs. (32) and (33)), and ¢ y; cp and gg y; sw are the inter-
storey rotation due the stabilizing effect of the total vertical load for the
CP and SW mode, respectively (Egs. (34) and (35)):

M;
= (32)
PrMmicp Kricr
M;
ey = (33)
PRMiSW Krisw
Ni L] bi
icP = 34
PrNicP 2 e Kpicr (€3]
N;

PrRNiSW = m (35)

Kricp and Kg; sw represent the rocking stiffness of shear-wall at the ith
storey in case of CP and SW kinematic modes, as calculated in accor-
dance with Egs. (36) and (37), respectively.

[KUAB o Kpgj +(m—1) .Kv.i]

m2

Kricr = eB? (36)

[l m-D]T o,
KRJ.SW - |:Khd,i + Kv,i :| .Bl (37)

where Kyap is the angle-bracket uplift contribution factor. When the
uplift contribution of the angle brackets is neglected, this factor is
assumed to be equal to unity (i.e., Kyap = 1). When the uplift
contribution of angle brackets is considered significant, Ky can be
calculated as follows:

Kyas=1+4+aepem (38)

Similar to the case of single-panel CLT shear-walls (Eq. 13), the inter-
storey lateral displacement due to the rocking kinematic mode of the
wall, 6r;, can be calculated as provided by Eq. (39).

6r;i = max(¢pg; ® hine;; 0) (39)

As an alternative simplification to the complex expressions presented
in Casagrande et al. [5], it is proposed that the inter-storey lateral
displacement for the IN kinematic mode be calculated through a linear
interpolation between the values calculated assuming CP and SW ki-
nematic mode. The applicability of such approach is discussed in Mas-
roor [22], where the results from analyses on different CLT shear-wall
configurations in the IN kinematic mode are conducted and the results
from the interpolation are compared to results obtained from the
analytical expressions presented by Casagrande et al. [5].

The kinematic modes of the shear-walls may have a significant in-
fluence on the inter-storey lateral displacement due to the cumulative
rotation of the shear-walls below. These rotations are typically expected
to be smaller for CP kinematic mode than SW behaviour but very few
studies have addressed this issue in the literature (e.g., [9]). As a result,
the same approach adopted for single-panel shear-walls and the same
expression for the calculation of the lateral displacement due to the
cumulative rotation at the i" storey, 8y, are considered.

3. Matrix analytical approach

The lateral displacements of LLRSs consisting of multiple shear-walls
can be analytically obtained through a matrix formulation as will be
discussed in this section. The formulation is first presented for an
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isolated multi-storey shear-wall and then extended to the case of a LLRS
composed of several multi-storey shear-walls placed long the two main
directions (x and y) of the building.

3.1. Matrix formulation for isolated multi-storey CLT shear-wall

The analytical methodology outlined in Section 2 for an isolated
shear-wall (Fig. 1) is presented in this section through an analytical
matrix formulation, as expressed by Eq. (40).

{ds} = [Ks] ' {Fs} — {dsn} (40)

where {ds} is the lateral displacement array, {Fs} is the applied lateral
load array, [Kg] is the stiffness matrix and {dsy } is the array representing
the equivalent lateral displacement due to the vertical loads. The latter
represents the reduction in rocking displacement due to the stabilizing
effect of the vertical loads as discussed in Section 2.

The stiffness matrix of an isolated multi-storey shear-wall, [Ks], can
be obtained as the inverse of the flexibility matrix  [Us] (i.e., [Ks] =
[Us}’l), where the generic element, Us;j, represents the lateral
displacement at the i storey due to a unit lateral force applied at the j™
storey of the considered shear-wall.

All contributions related to the vertical load are neglected (dgn;i =
0; prn; = 0) in the calculation of U, since the stabilizing effect due to
the vertical load is already included in the term {dsy} of Eq. (40).

In this formulation, an isolated N;-storey shear-wall with the same
inter-storey height hi, at all storeys and with a unit lateral load Fs; = 1
applied at the jth storey, is considered. The total shear load, V; , the
total overturning moment acting at the bottom, M;, as well as the total
overturning moment acting at the top, M;y, of the ith storey, can be
obtained according to Eqgs. (41), (42), and (43), respectively.

_ 1 for i<j

Vi*{o for j<i<N, S
_[lefj—(i—1)]ehy for i<j

M‘f{ 0 for j<i<N; (42)
o le(j—i)ehy for i<j

Ml,(op—{ 0 for j<i<N, (43)

The lateral displacement at the i storey, due to unit lateral force
applied at the jth is obtained by summing the contribution of inter-storey
displacements to the lateral displacement of the storey below. The
procedure is developed starting from the 1st storey and extended to the
i storey.

The lateral displacement, Us 1 j, at the first storey (i.e.,i = 1), dueto a
unit lateral force applied at the j** storey, can be calculated based on Eq.
(2), as presented in Eq. (44).

Us1j = 0s1j+081j+0s1j+0Or1j +OrM1j T 01, (44)

where 8y 1 j can be assumed to be equal to zero if the rotation of the sub-
structure may be neglected.

For single-panel CLT shear-walls, by substituting Eqs. (3), (6), (8),
(9), (10), (11) and (12) into Eq. (44), one obtains:

_— h =D b B W1
5.1 Gog1otcirs © By 2 e (EI) 4, 3e(El)y, | Kax
1 j.hint
= h;
KFJ KRJ ® Mint

(45)

The equivalent displacement due to the vertical loads at the 1st
storey, dsy1, can be calculated according to Eq. (46) by considering the
inter-storey rocking due to vertical load, based on Eqs. (14) and (15).
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Ny o (0.5B; — b,;)

KRJ i hint (46)

ds,N.l = @PrN1 ® Rine =
Similarly, the lateral displacement at the 2nd storey, due to unit

lateral force applied at the jth storey, Us,j, can be expressed as:

Usaj = Us1j+0s2j +02j + 0s2j + Op2j + Orm2j + 002 47)

Substituting Eqgs. (3), (6), (8), (9), (10), (11) and (12) into Eq. (47),
one obtains:

h (G — 2)ehin o h? h® 1
Uso: = Ugqyi + + + +
8,2 Sl Geg2 ® toir2 © By 20 (EI)eff.z 3e (EI)eff.Z Kz
1 j—1)e h'n
"Kea % " f 01 ¢ P

(48)

where 6, is calculated according to Egs. (18) and (19), as presented in
Eq. (49).

Usiaj+
Usij =4 7" Gegiotani @By 20 (El);;  3e(EI)

US,}}+0]‘]. (l*]) .hint

(j—1)ehy e h h? j @ hine
01j =00 + ; t+ =0+
1j 0T @B1j T PrRM1] (EI)effJ e (EI)eff.l Kis
(49)

Substituting Eq. (49) into Eq. (48), Us,; can be calculated as:

h (j — 2)ehyy ® h? h? 1
Ussi = Usaj —_
524 s+ Gy o0tciro © By [ 2e (EI)eff_Z 3e (EI)eff.z * Kaz2
LoDy (G ehieh B
Kpo Kr2 " (ED) g1 20 (El) g,

j ° hint
+ KRYl ) L4 hmt
(50)

The rotation at the top of the 2nd storey 6, is calculated according to
Egs. (18) and (19) as expressed by Eq. (51):

02j = 01j+ Qg2 + Pruzj
(j—2)ehyoh h? +(jfl)ohim
(EI )eff.z 2 (EI )eff.2 Kr2

The displacement due to the vertical loads, dsy», can be calculated
by considering the rocking displacement, ds v 1, and the rocking rotation
of the shear-wall at the storey below, ¢y v, due to the vertical loads, as
expressed in Eq. (52).

=6+ (51)

dsn2 =dsni + ((/’R,N,l + (/JR7N_2) ® hin

N- 0.5B; — b, N> e (0.5B, — b
—dgni + ( 1@ ( 1 c.l) + 2 °( 2 c,z)
KRJ KR,Z

) L4 hint (52)

At the i? storey, where i < j, Egs. (50) and (51) can be generalized as
expressed by Egs. (53) and (54), respectively.

1 +(]—l+1).hmt
Kr; Kk (57)

for  j<i<N;

h (j — i) ®hiy; ® h? h® 1
+ + =+
i)  Kai
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h (j — i)ohin; @ h? h® 1
Usij = Usiay + + + +—
St S Geyi ® torr; @ B 20 (ED) g, 3o (EI) g4, Ka;
1 j—i+1)eh;
+ K + OKiRi)mt ® Rine + 01 ® hig
(53)
0ij = 0i-1j + @pij + Pruij
—0 +(j*i)ohimoh h? (G—i+1)ehy (54)
=04,
o (EI)eff.i 20 (EI)eff.i Kg

Alternatively, for the ith storey, where j < i < Nj, since the shear and
bending moment are equal to zero, Us;; and 6;; can be obtained as
expressed in Egs. (55) and (56), respectively:

Usij = Usjj+ 60 (i—j) ®hine (55)

0ij = 6; (56)

The generic element Us;; of the flexibility matrix [Ug] can hence be
expressed as:

N +6i1j0hy  for i<j

The displacement due to the vertical loads, dsy; can be generalized
as expressed in Eq. (58).

i
dsni =dsni1+ Zr71¢R.N.r o hip

i N,e(0.5B, —b,
=dsni1+ Zi:1r(T:ar) ® hine (58)
The same procedure presented in this section for the case of a single-
panel CLT shear-wall can be extended to the case of multi-panel CLT
shear-walls by considering the expressions reported in Section 2.2.

3.2. Matrix formulation for the LLRS

The analytical methodology outlined in the previous section for an
isolated shear-wall is extended to the LLRS composed of shear-walls
along the x and y directions (Fig. 6). The out-of-plane bending stiff-
ness of the floor as well as any interaction between floors and walls are
neglected.

In the formulation presented in this study, a diaphragm constrain is
assumed to connect the shear-walls together at each storey level in order
to simulate the effect of a rigid diaphragm. It is noteworthy to mention
that, for CLT buildings, the assumption of rigid diaphragm should be
validated for the given design and should not always be taken for
granted. Despite the fact that a reasonable number of research studies
have been conducted in past years, aimed at investigating the in-plane
behaviour of CLT floors [17-19,23], differently from other materials
(e.g. reinforced concrete), limited prescriptive requirements regarding
the rigidity of floor diaphragms have been developed and adopted in
Standards. It is generally agreed, however, that in order to ensure
adequate in-plane stiffness of CLT floors, panel-to-panel connection
should be designed with sufficient overstrength and large openings and
discontinuities should be adequately reinforced.

A Cartesian coordinate system is located at the ground floor and the
intersection of z-axis with the floors at the i storey is represented by
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deformed shape of the lateral load resisting system.

point O;, as shown in Fig. 6a. Due to the inclusion of the rigid diaphragm
behaviour, the kinematic behaviour of the LLRS can be expressed by an
array of lateral displacements {dj;rs} of dimensions 3N; x 1, according
to Eq. (59).

{durs} = {dol x> do, y @0, ,

T
s do, X5 do, 2,005 --nn , doNS X do,\,s ¥, Doy, }

(59

where do, x and  do,, are the lateral displacements of point O; along the
x- and y-direction, respectively, and wg, is the rotation of point O; at the
i storey.

The array of lateral loads {Fiirs} acting on the LLRS are of di-
mensions 3N; x 1, and they can be expressed according to Eq. (60), see
Fig. 6b.

T
{Furs} = {Fo1 x:Foy Moy, ... .. s Fo,x; Foy Moys +-vv ey s Foy, x> Foy, y MON;}
(60)

where Fo, x and  Fo,, are the lateral loads applied at point O; along the
x- and y-direction at the i storey, respectively, and Moy, is the torsional
moment applied at point O; at the i storey.

The matrix formulation for the generic k™ isolated shear-wall can be
written by rearranging Eq. (40), as expressed in Eq. (61):
{Fshe = [Ksly ({ds} +{dsn}, ) 61)
where {ds}, represent the lateral displacement of the isolated j™ shear-
wall (Fig. 6¢), and {Fs}; represents the array of lateral loads applied by
the diaphragm at each storey on the k™ shear-wall.

Due to the assumed in-plane rigidity of the floor, the lateral
displacement array for the Kkth shear-wall, {ds},, can be related to the
array of the lateral displacement of the LLRS, {dyirs}, according to Eq.
(62):

{ds} = [Csli{durs} (62)

where [Cs]; is an N; x 3N;matrix that associates the displacement of the
k™ shear-wall to the displacements of the reference point Oj, as a func-
tion of the orientation of the shear-wall and distance from the point O;.
Substituting Eq. (62) in Eq. (61), one obtains:

(B = K5}, (Csle{duns} + {dsa}, )

From the principle of virtual work, the work done by the LLRS is set
equal to the sum of works done by each shear-wall, as expressed by Eq.
(64):

(63)

(b)

Fig. 6. Shear-wall line as part of the Lateral Load Resisting System. a) lateral displacement components of the i
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Oiy,

(c)

floor; 2) lateral loads applied at the i

floor; 3)

{Frirs} ® 6{durs} = Z{Fs}k o 5{ds}; (64)
where 6 represent the infinitesimal variation of the displacement arrays.

Substituting Eqs. (62) and (63) into Eq. (64), one obtains Eq. (65).
This equation can be simplified as shown in Eq. (66) and rewritten as
shown in Eq. (67).

{Funs}  8{duns} = > (Kl (ICsl{duns}  +{dsu}, ) o [Csld{duuns}

(65)
{Funs} = (D (Gl Ksh[Csle ) » {duns} + D _[Csl, Kl {dsw},  (66)
{FLLRS} = [KLLRS]{dLLRS} + {FLLRS.N} (67)

where [Kyzgs] is the LLRS stiffness matrix and {Firsny} is the LLRS
equivalent lateral force array related to the vertical loads, which can be
obtained as presented in Egs. (68) and (69), respectively:

= Z[CS]kT[KS]k[CS]k

{FLLRS‘N} = Z[CS]kT[KS]k {dSN}k

By rearranging Eq. (67), the lateral displacements of the LLRS can be
calculated as expressed in Eq. (70):

{durs} = [KLLRS]il'({FLLRS} - {FLLRS,N} )

[Kiirs (68)

(69)

(70)

3.3. Rocking displacement consistency

The lateral displacements obtained from Eq. (70) may not be
consistent with the initial conditions assumed for the system, where
rocking is assumed to occur in each shear-wall and at each storey. This
condition may not be satisfied when the overturning moment is lower
than the stabilizing moment due to the vertical loads. A verification on
the rocking displacement consistency is therefore needed.

Knowing the lateral displacements from Eq. (70), the lateral force
array acting on each isolated shear-wall, {Fs},, can be calculated ac-
cording to Egs. (61) and (62) from which the overturning moment action
at the bottom of the i storey, My, can be calculated as expressed by Eq.
(71).

n
My = ZFS,r,k'(r
r=i

The stabilizing moment of the k™ single- and multi-panel shear-wall
can be calculated using Eqs. (72) and (73), respectively.

— 1+ 1) hine (71)
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B
Msabix = Nigk: 3 for single — panel shear — wall (72)

Mgapix = Ni‘k-g for multi — panel shear — wall (73)

The condition for the activation of the rocking mechanism at the it
storey of the k™ shear-wall can be expressed as reported in Eq. (74).

AMii = |Mix| — [Map ik 74)

If AM;x > 0, the rocking mechanism is activated as assumed in the
initial condition of the analysis. If AM;y < 0, the rocking mechanism is
not activated and the LLRS should be reanalyzed. This implies that the
stiffness matrix and the vertical load array of the k™ shear-wall have to
be recalculated by assuming that the rocking deformation contribution
at the i storey is neglected, namely Kz ;x— 0. The procedure to follow
in this case involves recalculating the lateral displacements according to
Eq. (70), where the updated stiffness matrix and vertical load array are
adopted. The lateral force array acting on each isolated shear-wall can
hence be recalculated according to Egs. (61) and (62) from which the
new values of overturning moment action at the bottom of the i'™ storey
can be determined as expressed by Eq. (71). If the new values of the
overturning moments are greater than the corresponding stabilizing
moments, the rocking displacement consistency is satisfied. Otherwise, a
new iteration of the process is required.

A similar procedure has to be adopted in the case of multi-panel
shear-walls to verify the consistency in terms of kinematic modes. The
analysis is conducted by assuming CP or SW kinematic mode of the k™
shear-wall at the i storey. This assumption has to be verified by the
kinematic mode conditions reported in Section 2.3.

Analytical model

Wall-1

Gavric et al. (2015)
(Reference study ID: 1.2)

Wall-3

D’Arenzo et al. (2021a)
(Reference study ID: 1)
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4. Experimental validation of the proposed analytical approach

The validation of the proposed analytical approach was conducted
by comparing the displacements obtained from the analytical expres-
sions presented in the previous section with those obtained from
experimental tests on twelve single-storey shear-walls and one two-
storey shear-wall available in the literature ([13], [8], [26], and [27]).

Both single- and multi-panel shear-walls, subjected to monotonic or
cyclic loading were considered. The single-storey shear-walls had
heights between 2.30 and 2.95 m and lengths between 1.25 and 2.95 m
whereas the two-storey shear-wall tested by Popovski et al. [27] con-
sisted of two 2.3 m x 2.3 m CLT vertical panels interlayered by a hori-
zontal 94 mm thick CLT slab. All shear-walls had thicknesses between
85 and 100 mm, and were constructed using 3- or 5-layer CLT panels.

The majority of the test specimens consisted of shear-walls with
traditional hold-down and angle-bracket mechanical anchors fastened
with annular ringed nails 4 x 60 mm, and anchored to steel beams
representing the foundation through bolts with diameter between 8 and
12 mm. The exception to this was the tests conducted by D’Arenzo et al.
[8] and Popovski et al. [27] in which only angle-brackets were used to
limit both rocking and sliding of the walls, the wall tests conducted by
Polastri and Casagrande [26], where the sliding mechanism was pre-
vented through shear keys, and the tests performed by Popovski et al.
[27] on single-storey shear-walls, in which spiral nails 3.9 x 89 mm
were used. The connection typologies adopted for the vertical joints of
the segmented walls included half-lap joints and spline joints with
partially threaded screws, and shear keys with rigid connectors. In the
two-storey shear-wall, the floor was connected to the wall by means of
8 x 200 mm screws with 200 mm spacing. The geometrical and me-
chanical properties of the tested shear-walls used for the validation of
the analytical expressions are reported in the Supplementary Material
using the symbol naming convention used in the previous sections.

Figs. 7, 8 and 9 show the comparison between the load-displacement

Experimental curve

Wall-5

Popovski et al. (2010)
(Reference study ID: CA-SN-01)
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Gavric et al. (2015)
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D’Arenzo et al. (2021a)
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Fig. 7. Validation of the proposed analytical approach for single-panel single-storey shear-walls.
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Analytical model
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Experimental curve

Wall-7 Wall-9 Wall-11
Gavric et al. (2015) Polastri and Casagrande (2022) (Reference Popovski et al. (2010)
(Reference study ID: 11.1) study ID: 01) (Reference study ID: CA-SN-11)
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Fig. 8. Validation of the proposed analytical approach for multi-panel single-storey shear-walls.

Two-storey Wall
Popovski et al. 2010
(Reference Study ID: CA-SN-29B)
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Fig. 9. Validation of the proposed analytical approach for the two-storey
shear-wall.

curves obtained from the experimental tests and the proposed expres-
sions, with nomenclature adopted in the original study (in bracket) and
in the current study. The curve for the proposed deflection equation was
limited to 40% of the maximum load since the predictive model’s
capability is limited to the elastic range. The graphs show a good
agreement between the experimental and analytical load displacement
curves, highlighting the ability of the proposed model to predict the
elastic response of both single- and multi-panel CLT shear-walls.
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5. Verification of the proposed analytical matrix approach
against numerical modelling - case study

In this section two design examples serve to verify the proposed
procedure against numerical modelling. These examples aim to
demonstrate that the developed expressions are mathematically accu-
rate. The first example includes a two-storey LLRS composed of two
parallel single-panel CLT shear-walls, while the second example is used
to verify the expressions for the lateral displacements for a three-storey
two-panel shear-wall, as illustrated in Fig. 10.

5.1. Single-panel CLT shear-walls

A two-storey LLRS composed of two parallel single-panel CLT shear-
walls of length B equal to 5.0 m (Wall 1) and 2.5 m (Wall 2) is analysed.
The height of the walls, h, at both storeys is assumed to be equal to
2.5 m, and the depth of the floor hg,, is taken equal to 0.2 m. The inter-
storey height h;,; is hence equal to 2.7 m in both storeys.

5-ply CLT panels with thickness, tc ., equal to 100 mm (i.e., 20 mm
equal layer thickness) are adopted for all walls. The CLT panels are
manufactured using laminations with width, w, equal to 150 mm,
modulus of elasticity parallel to the grain, Ey, equal to 12,000 MPa and
an in-plane shear modulus, Gy, equal to 690 MPa. A hold-down char-
acterized by a vertical tensile stiffness, Kpq, equal to 15,000 kN/m is
placed at both ends of the walls at the first storey, whereas a hold-down
with stiffness equal to 10,000 kN/m is adopted at the two ends of the
walls at the second storey. Four angle brackets with lateral shear stiff-
ness, K x, equal to 10,000 kN/m are used at both storeys of Wall 1. Two
angle brackets with same stiffness of those adopted in Wall 1 were used
at both storeys of Wall 2. A vertical tensile stiffness of the angle brackets,
Kaz, equal to 3000 kN/m is assumed. The floor-to-wall connections for
both floors consist of twenty 10 x 300 mm screws uniformly distributed
along Wall 1 and ten 10 x 300 mm screws uniformly distributed along
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Fig. 10. Design examples: (a) two-storey with two parallel single-panel CLT shear-walls, (b) 3-storey two-panel shear-wall.

Wall 2. Each screw is characterized by a lateral shear stiffness, K, equal
to 1000 kN/m.

A lateral load equal to 50 kN and 100 kN is applied on the LLRS at
the first and second storey, respectively. The array of the lateral loads
{Frirs} acting on the LLRS, can hence be expressed according to Eq.
(75). It is noteworthy to mention that since a 2D LLRS is considered in
this example, only the components of lateral loads in the plane of the
walls are considered, neglecting the load components in the out-of-plane
direction as well as the torsional moment.

50

100 75)

{Furs} = {Fo1 ,Foz_}T = { } e10° N

A gravity load equal to 5 kN/m is applied at both storeys of Wall 1,
while Wall 2 is considered to have zero gravity load.

The lateral displacements and lateral forces of each wall are calcu-
lated according to procedure reported in the previous sections and are
expressed in Egs. (76) to (78). Detailed calculations are reported in the
Supplementary Material.

12.4
{ds}wan = {ds}wanz = {24.3 }mm (76)
{Fs}wan = { gg }'104N 77)
{Fs}wanz = { 3(1) }’104N (78)

A verification of the equations developed in the current study against
numerical modelling is presented using SAP2000 software [7],
employing the mechanical properties of connections and CLT panels
presented earlier, in order to demonstrate their mathematical accuracy.
Fig. 11 illustrates the numerical model developed for this system. The
connections were modelled by using link elements that represent their
stiffness. Angle brackets were considered in both uplift and shear, while
hold-downs were assumed to act only in uplift. To simulate contact
between the CLT panels and the foundation below, gap elements with a

5 kN/m
100 kN [(TTTTTTTTTTTTTTTTTTT]  rigid bar rigid bar
00 A
hold down

|

floor-to-wall 5 kN/m |
connections floor-to-wall
50 kN " connections

| shell elements

SIS SENSNES) 3 0 0

holddowﬁ angle}é&/ef \gap

30 0 0 CRL]

hold dowh  angle bracket

40 0 0

Fig. 11. The LLRS system composed of two CLT shear-walls modelled in SAP2000.
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Table 1
The results obtained from the developed equations and numerical models.
Parameter Analytical models Numerical models Discrepancy
ds; (mm) 12.4 11.5 7.7%
ds» (mm) 24.3 22.2 9.5%
Fs11 (kN) 29.3 29.1 0.8%
Fs21 (KN) 80.4 79.7 0.9%
Fs12 (KN) 20.8 20.9 0.7%
Fs25 (KN) 19.6 20.3 3.3%

high compression stiffness of 10% kN/m and no tension stiffness were
used. Gap elements were also used to simulate the contact between the
CLT panels and the floor below. However, in this case the deformability
of the CLT floor in the direction perpendicular to the grain of the
external layers was considered following the modelling strategy
employed by D’Arenzo et al. [8]. This approach led to a compression
stiffness of 175.000 kN/m, having considered a distance between the
gap elements of 250 mm and a modulus of elasticity perpendicular to the
grain of 600 MPa. The floors were modelled using rigid bars placed
200 mm from the top of the shear-walls. The top of the walls at the first
and second storeys were connected to the rigid bars with multi-linear
link elements acting only horizontally in order to simulate the
floor-to-wall connection. The bottom of the walls at the first and second
storeys were attached to the ground and the floor at the first storey,
respectively, by means of link elements representing hold-down, angle
brackets, and gap elements.

Diaphragm constraints were applied to the points of the rigid bars
representing the floors at the first and second storeys to simulate dia-
phragm floor behaviour. Horizontal and vertical loads were applied on
the rigid bar elements representing the floor.

Table 1 presents the lateral displacement and distributed loads at the
first and second storey floors obtained from the analytical and numerical
models. The discrepancies between the two methods are within an
acceptable range, with a maximum difference of 9.8% in the lateral
displacements, and 3.3% in distributed forces. The observed discrep-
ancies could be attributed to the compression zone used in the analytical
solution, assumed to be 10% of the length of the walls. The compression
zone length could be smaller as the magnitude of gravity loads for Wall 1
and 2 were not very significant. Additional analytical calculations were
conducted on the same example while ignoring the compression zone (i.
e. bc = 0), and a maximum difference of 0.8% was observed between
both lateral displacements and distributed forces. This demonstrates the
high accuracy of the developed equations.

5.2. Multi-panel CLT shear-wall

A three-storey two-panel CLT shear-wall of total length B equal to
2.5 m (individual panel’s length equal to 1.25 m) is analysed. The height
of the walls, h, is assumed to be equal to 2.5 m for all three storeys. The
same CLT panels used for the example reported in Section 6.1 are used in
this example. Hold-downs with a vertical tensile stiffness, Kpq;, equal to
15,000 kN/m, 10,000 kN/m and 5000 kN/m were placed at both ends
of the walls at the first, second and third storey, respectively. In all
storeys, two angle brackets with lateral shear stiffness, K,, equal to
10,000 kN/m are used. The vertical tensile stiffness of the angle brackets
was ignored since closed-form equations are not developed for SW when
the uplift contribution of angle brackets is included. The vertical joint
consists of ten joints, each with a shear stiffness of 2000 kN/m, resulting
in a total shear stiffness of the vertical joint of 20,000 kN/m. A rigid
floor-to-wall connection along the shear horizontal direction was
assumed at each storey. A lateral load equal to 10 kN is applied on the
LLRS at each storey. Uniformly distributed gravity loads equal to 24 kN/
m, 19.2 kN/m, and 4.8 kN/m were applied on top of first, second, and
third storeys, respectively.

A numerical model implemented in SAP2000 software [7] was
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developed (Fig. 11 (a)) to demonstrate the mathematical accuracy of the
equations proposed in the current study. All connections were modelled
using multi-linear link elements. To simulate contact between the CLT
panels and the foundation below, gap elements with a high compression
stiffness of 10% kN/m and no tension stiffness were used. Also in this
case, gap elements were used to simulate the contact between the CLT
panels and the floor below taking into account the deformability of the
CLT floor in the direction perpendicular to the grain of the external
layers, following the modelling approach presented by D’Arenzo et al.
(2021a). This approach led to a compression stiffness of 175.000 kN/m,
having considered a distance between the gap elements of 250 mm and a
modulus of elasticity perpendicular to the grain of 600 MPa. The floors
were modelled in a similar way to that described in Section 5.1. Dia-
phragm constraints were applied to top points of each shearwall at each
storey to simulate diaphragm floor behaviour. The link elements rep-
resenting the floor-to-wall connections were assumed to be fully flexible
along the vertical direction in order to allow the relative rotation of the
panels and to avoid floor-wall interaction. At each storey, a rotational
rigid-body constraint was also applied between the rigid bar and the
outermost panel farthest away from the load application point in order
to transmit the wall rotation to the floor above.

Horizontal concentrated forces were applied to the rigid bar repre-
senting the floor. Since the link elements connecting the floor to the wall
below are flexible in the vertical direction, they are not able to transmit
the vertical load from the rigid bar to the wall below. As a result, a
vertical load equivalent to the total load on that storey is applied at the
top of the wall panels at each storey, while a load with the same
magnitude but in opposite direction is applied to the rigid bar below.
This allows the vertical gravity load at the top of the wall panels to
contribute to the stabilizing effect while the vertical load applied at the
rigid bar below only ensures that the gravity load is not transmitted
between storeys. The application of total vertical load rather than storey
loads at each storey level ensures that the force transfer between storeys
is maintained correctly. This procedure is illustrated as way of example
for the wall of the second storey in Fig. 12 (a).

As illustrated in Fig. 12 (b), the rocking kinematic mode achieved at
each storey was CP for the first and second storeys and SW for the third
storey. Table 2 summarizes the lateral displacement at the top of each
storey, obtained from the numerical model and the proposed equations.
Although the kinematic modes at each storey differed, the analytical
model was able to accurately predict the lateral displacement at each
level with less than 0.5% discrepancy.

6. Conclusions

This paper presents an analytical approach for the calculation of the
elastic lateral displacements of multi-storey platform-type CLT shear-
walls in both single-panel and multi-panel configuration. Analytical
formulas for the calculation of the in-plane bending and shear panel
displacement, sliding, rocking, floor-to-wall displacements and cumu-
lative rotational displacements based on the elastic properties of CLT
panels and wall base connections are provided for single- and multi-
panel multi-storey CLT shear-walls.

The proposed analytical method was validated against twelve single-
and multi-panel experimental CLT shear-wall tests conducted in four
previous independent experimental campaigns. The analytical-
experimental comparison confirmed the suitability of the proposed
model to predict the elastic lateral displacement response for both sin-
gle- and multi-panel CLT shear-walls.

The proposed analytical expressions for the elastic lateral displace-
ment calculation of an isolated CLT shear-wall was further expanded to
the case of a LLRS composed of several multi-storey CLT shear-walls
through a matrix formulation. A verification of the proposed analyt-
ical matrix approach was performed against numerical models repre-
senting two-storey consisting of single-panel shear-walls and a three-
storey two-panel CLT shear-wall. The comparison was performed in
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24kN/m=(4.8+19.2)kN/m

Total vertical
load in the wall of
the second storey

Floor-to-wall

Connection Gap

Element
Gap
Element

Hold down

Table 2

24kN/m

(b)

Fig. 12. Three-storey two-panel shear-wall: undeformed configuration (a), deformed configuration (b).

The results obtained from the developed equations and numerical models for the three-storey example multi-panel CLT shear-walls.

Storey Lateral displacement Analytical models Numerical models Discrepancy Expected kinematic mode Achieved kinematic mode
1st ds; (mm) 3.7 3.7 0.2% CP CP
2nd ds> (mm) 8.7 9.1 4.6% CP CP
3rd ds3 (mm) 14.4 15.1 5.2% SW SwW

terms of lateral displacements and load distribution of the analyzed CLT
wall system, and it was shown that the analysis demonstrated high ac-
curacy level of the developed analytical equations for lateral deflection
calculations of CLT wall systems.

CRediT authorship contribution statement

Daniele Casagrande: Conceptualization, Data curation, Formal
analysis, Investigation, Project administration, Supervision, Writing —
original draft, Writing — review & editing. Giuseppe D’Arenzo:
Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Software, Writing — original draft, Writing — review &
editing. Mohammad Masroor: Data curation, Formal analysis, Inves-
tigation, Methodology, Software, Writing — original draft. Igor Gavri¢:
Data curation, Methodology, Writing — original draft. Ghasan Doudak:
Conceptualization, Project administration, Supervision, Writing — orig-
inal draft, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors would like to thank Dr. Marjan Popovski from FPInno-
vations (Canada) for sharing the experimental data used for the vali-
dation of the analytical methodology presented in the paper. Parts of this
publication are based upon work from COST Action CA20139 “Holistic
design of taller timber buildings — HELEN, supported by the European
Cooperation in Science and Technology (COST).

13

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.istruc.2024.106490.

References
[2] Brandner R, Dietsch P, Droscher J, Schulte-Wrede M, Kreuzinger H, Sieder M. Cross
laminated timber (CLT) diaphragms under shear: Test configuration, properties
and design. Constr Build Mater 2017;157:312-27.
Brandner R, Flatscher G, Ringhofer A, Schickhofer G, Thiel A. Cross laminated
timber (CLT): overview and development. Eur J Wood Prod 2016;74:331-51.
https://doi.org/10.1007/500107-015-0999-5.
Casagrande D, Rossi R, Sartori T, Tomasi R. Proposal of an analytical procedure
and a simplified numerical model for elastic response of single-storey timber shear-
walls. ISSN 0950-0618 Constr Build Mater 2016;Volume 102:1101-12. https://doi.
0rg/10.1016/j.conbuildmat.2014.12.114.
Casagrande D, Doudak G, Mauro L, Polastri A. Analytical approach to establishing
the elastic behavior of multipanel CLT shear-walls subjected to lateral loads.
J Struct Eng 2018;144(2):04017193.
CSA 086-19 (2019) Engineering design in wood. CSA Group, Mississauga, Canada.
CSI (2017) SAP 2000. Computers and Structures Inc., CA, USA.
D’Arenzo G, Casagrande D, Polastri A, Fossetti M, Fragiacomo M, Seim W. CLT
shear walls anchored with shear-tension angle brackets: experimental tests and
finite-element modeling. J Struct Eng 2021;Volume 147(Issue 7):04021089.
https://doi.org/10.1061/(ASCE)ST.1943-541X.0003008.
D’Arenzo G, Schwendner S, Seim W. The effect of the floor-to-wall interaction on
the rocking stiffness of segmented CLT shear-walls. Eng Struct 2021;Volume 249:
113219. https://doi.org/10.1016/j.engstruct.2021.113219.
[10] EN 1995-1-1 (2004) Eurocode 5: Design of timber structures—part 1-1: general
rules and rules for buildings. CEN, Brussels, Belgium.
[12] Flatscher G., Schickhofer G. (2016) Displacement-based determination of laterally
loaded Cross Laminated Timber (CLT) wall systems. Proceedings of the 3rd INTER
Meeting - INTER/49-12-1, Graz.
Gavric I, Fragiacomo M, Ceccotti A. Cyclic behaviour of CLT wall systems:
experimental tests and analytical prediction models. J Struct Eng 2015 2015;141.
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001246.
Gavric I, Fragiacomo M, Popovski M, Ceccotti A. Behaviour of cross-laminated
timber panels under cyclic loads. Materials and joints in timber structures: recent

[3]

[4]

[5]

[6]
71
(8]

[9]

[13]

[14]


https://doi.org/10.1016/j.istruc.2024.106490
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref1
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref1
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref1
https://doi.org/10.1007/s00107-015-0999-5
https://doi.org/10.1016/j.conbuildmat.2014.12.114
https://doi.org/10.1016/j.conbuildmat.2014.12.114
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref4
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref4
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref4
https://doi.org/10.1061/(ASCE)ST.1943-541X.0003008
https://doi.org/10.1016/j.engstruct.2021.113219
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001246
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref8
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref8

D. Casagrande et al.

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

development of technology, RILEM Book series, vol. 9. Dordrecht: Springer. cop.,;
2014. p. 689-702. DOI: 10.1007/978-94-007-7811-5_62.

Gavric I, Popovski M. Design models for CLT shear-walls and assemblies based on
connection properties. Proceedings of the International Network on Timber
Engineering Research. UK: Bath; 2014. p. 267-80.

Hummel J, Seim W, Otto S. Steifigkeit und Eigenfrequenzen im mehrgeschossigen
Holzbau. Bautechnik 2016;93:781-94. https://doi.org/10.1002/bate.201500105.
Kode A, Amini MO, van de Lindt JW, Line P. Lateral load testing of a full-scale
cross-laminated timber diaphragm. Pract Period Struct Des Constr 2021;vol. 26(2):
04021001.

Lam F, Haukaas T, Ashtari S, Haukaas T. in-plane stiffness of cross-laminated
timber floors. World Conf Timber Eng 2014:1-10.

Line P, Nyseth S, Waltz N. Full-scale cross-laminated timber diaphragm evaluation.
I: design and full-scale diaphragm testing. J Struct Eng 2022;vol. 148(5):1-13.
Lukacs I, Bjornfot A, Tomasi R. Strength and stiffness of cross-laminated timber
(CLT) shear-walls: state-of-the-art of analytical approaches. Eng Struct 2019;
volume 178:136-47. https://doi.org/10.1016/j.engstruct.2018.05.126.

Masroor M, Doudak G, Casagrande D. The effect of bi-axial behaviour of
mechanical anchors on the lateral response of multi-panel CLT shear-walls. Eng
Struct 2020;Volume 224:111202. https://doi.org/10.1016/j.
engstruct.2020.111202.

Masroor M. (2023) Behaviour and design considerations for Multi-panel CLT
Shear-walls, PhD thesis University of Ottawa.

Moroder D, Smith T, Pampanin S, Palermo A, Buchanan AH. Design of floor
diaphragms in multi-storey timber buildings. Journal 2015;vol. 23(2).

Pei S., Popovski M., Van De Lindt J.W. (2012) Seismic design of a multi-story cross
laminated timber building based on component level testing. World Conference on
Timber Engineering 2012, WCTE 2012, 2, pp. 244-252.

Pei S, van de Kuilen J-WG, Popovski M, Berman JW, Dolan JD, Ricles J, et al. Cross
Laminated Timber for seismic regions: progress and challenges for research and
implementation. E2514001 J Struct Eng 2016;142(4). https://doi.org/10.1061/
(ASCE)ST.1943-541X.0001192.

14

[26]

[27]

[30]

[31]

[32]

[33]

[35]

[36]

[37]

[39]

Structures 64 (2024) 106490

Polastri A, Casagrande D. Mechanical behaviour of multi-panel cross laminated
timber shear-walls with stiff connectors. Constr Build Mater 2022;Volume 332:
127275. https://doi.org/10.1016/j.conbuildmat.2022.127275.

Popovski M., Schneider J., Schweinsteiger M. (2010) Lateral load resistance of
cross-laminated wood panels) 11th World Conference on Timber Engineering
2010, WCTE 2010, 4, pp. 3394-3403.

Reynolds T, Foster R, Ramage M, Bregulla J, Chang W-S, Harris R. Lateral-load
resistance of cross-laminated timber shear-walls. J Struct Eng 2017;143(13).
https://doi.org/10.1061 /(ASCE)ST.1943-541X.0001912.

Ruggeri EM, D’Arenzo G, Fossetti M, Seim W. Investigating the effect of
perpendicular walls on the lateral behaviour of Cross-Laminated Timber shear
walls. Structures 2022;46(2022):1679-95. https://doi.org/10.1016/j.
istruc.2022.10.141.

Ruggeri EM, D’Arenzo G, Fossetti M. Investigating the effect of the structural
interactions due to floors and lintels on the lateral response of multi-storey Cross-
Laminated Timber shear walls. Eng Struct 2023;2023(290):116327.

Salvadori V. (2021) Multi-Storey Timber-Based Buildings: An International Survey
of Case-Studies with Five or ore Storeys Over the Last Twenty Years. PhD thesis,
Vienna University of Technology.

Shahnewaz M, Tannert T, Shahria Alam M, Popovski M. In-plane stiffness of cross-
laminated timber panels with openings. Struct Eng Int 2017;27(2):217-23. DOI:
10.2749/101686617X14881932436131.

Tamagnone G, Rinaldin G, Fragiacomo M. A novel method for non-linear design of
CLT wall systems. Eng Struct 2018;Volume 167:760-71. https://doi.org/10.1016/
j-engstruct.2017.09.010.

Tamagnone G, Rinaldin G, Fragiacomo M. Influence of the floor diaphragm on the
rocking behavior of CLT walls. J Struct Eng 2020;146(2020):1-11. https://doi.org/
10.1061/(ASCE)ST.1943-541X.0002546.

White Arkitekter (2021) Sara Cultural Centre in Skellefted, Sweden. A Magnificent
State-Of-The-Art Green Building. https://www.theplan.it/eng/architecture/sara-
cultural-centre-in-skellefte%C3%A5-sweden-a-magnificent-state-of-the-art-green-
building.


http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref8
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref8
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref9
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref9
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref9
https://doi.org/10.1002/bate.201500105
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref11
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref11
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref11
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref12
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref12
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref13
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref13
https://doi.org/10.1016/j.engstruct.2018.05.126
https://doi.org/10.1016/j.engstruct.2020.111202
https://doi.org/10.1016/j.engstruct.2020.111202
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref16
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref16
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001192
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001192
https://doi.org/10.1016/j.conbuildmat.2022.127275
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref19
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref19
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref19
https://doi.org/10.1016/j.istruc.2022.10.141
https://doi.org/10.1016/j.istruc.2022.10.141
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref21
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref21
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref21
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref22
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref22
http://refhub.elsevier.com/S2352-0124(24)00642-8/sbref22
https://doi.org/10.1016/j.engstruct.2017.09.010
https://doi.org/10.1016/j.engstruct.2017.09.010
https://doi.org/10.1061/(ASCE)ST.1943-541X.0002546
https://doi.org/10.1061/(ASCE)ST.1943-541X.0002546

	An analytical matrix approach for the prediction of the elastic lateral displacements of CLT platform-type lateral load res ...
	1 Introduction and objectives
	2 Lateral displacements of isolated multi-storey CLT shear-wall
	2.1 General displacement behaviour
	2.2 Displacement contributions for single-panel CLT shear-wall
	2.2.1 Panel deformation
	2.2.2 Sliding of shear-wall and displacement between shear-wall and floor panel above
	2.2.3 Rocking deformation
	2.2.4 Rotation of storey below

	2.3 Displacement contributions for multi-panel CLT shear-wall
	2.3.1 Kinematic modes
	2.3.2 Panel deformation
	2.3.3 Sliding of shear-wall and displacement between shear-wall and floor panel above
	2.3.4 Rocking and rotation of storey below


	3 Matrix analytical approach
	3.1 Matrix formulation for isolated multi-storey CLT shear-wall
	3.2 Matrix formulation for the LLRS
	3.3 Rocking displacement consistency

	4 Experimental validation of the proposed analytical approach
	5 Verification of the proposed analytical matrix approach against numerical modelling - case study
	5.1 Single-panel CLT shear-walls
	5.2 Multi-panel CLT shear-wall

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	References


