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A B S T R A C T   

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 

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 

* Corresponding author. 
E-mail addresses: daniele.casagrande@unitn.it (D. Casagrande), giuseppe.darenzo@cae.au.dk (G. D’Arenzo).  

Contents lists available at ScienceDirect 

Structures 

journal homepage: www.elsevier.com/locate/structures 

https://doi.org/10.1016/j.istruc.2024.106490 
Received 5 December 2023; Received in revised form 12 April 2024; Accepted 25 April 2024   

mailto:daniele.casagrande@unitn.it
mailto:giuseppe.darenzo@cae.au.dk
www.sciencedirect.com/science/journal/23520124
https://www.elsevier.com/locate/structures
https://doi.org/10.1016/j.istruc.2024.106490
https://doi.org/10.1016/j.istruc.2024.106490
https://doi.org/10.1016/j.istruc.2024.106490
http://crossmark.crossref.org/dialog/?doi=10.1016/j.istruc.2024.106490&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Structures 64 (2024) 106490

2

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 Gavrić 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. 

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 rth storey, dr, can be obtained as the cumu
lative inter-storey lateral displacements, δi, from the 1st to the rth storey, 
as presented in Eq. (1) and illustrated in Fig. 1 for a four-storey CLT 
building example. 

dr =
∑r

i=1
δi (1) 

The inter-storey lateral displacement, δi, 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, δS,i, 
ii) in-plane bending deformation of the CLT panel, δB,i, iii) rigid body 
sliding of the shear-wall related to the lateral (shear) flexibility of the 
angle brackets, δA,i, iv) sliding between the shear-wall under consider
ation and the floor above related to the flexibility of the floor-to-wall 
shear connections, δF,i, 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), δR,i, and vi) the lateral displacement associated 
with the rotation of the storey below the wall under consideration (i.e., 
(i-1)th storey), δθ,i, which takes into account the cumulative rotation 
effects along the height of the multi-storey shear-wall. 

δi = δS,i + δB,i + δA,i + δF,i + δR,i + δθ,i (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 ith storey are defined as hi and Bi, respectively, while the depth of the 
floor above the wall at the ith storey is taken equal to hfloor,i. It is assumed 
that hold-downs are located at each end of the shear-wall, and na angle 
brackets are distributed along the total length of the shear-wall, (see  
Fig. 3). 

The internal actions on the shear-wall at the ith storey include the 
total lateral shear loads, Vi, total axial load due to gravity, Ni, total 
overturning moment acting at the bottom of the shear-wall due to the 
lateral loads, Mi, and the total overturning moment acting at the top of 
the shear-wall due to lateral loads, Mi,top, 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, δS,i, 
can be expressed as outlined in Eq. (3), according to Hummel et al. [16]. 

δS,i =
Vi • hi

Geff ,i•tCLT,i • Bi
(3)  

where tCLT,i is the total thickness of the CLT panel at the ith storey 
and Geff ,i 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). 

Geff ,i =
G0,i

1 + 6 • αi •

(
tmean,i

wi

)2 (4)  

where G0,i is the average in-plane shear modulus of the laminations, wi is 
the width of the laminations or the distance between the edge and a 
groove in a lamination, and tmean,i is the mean thickness of laminations. 
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The parameter αi 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. 

αi = p •

(
tmean,i

wi

)− 0.79

(5) 

The inter-storey lateral displacement due to panel bending 

deformation, δB,i, can be obtained from the beam theory, as expressed 
in Eq. (6). 

δB,i =
Mi,top,•hi

2

2 • (EI)eff,i
+

Vi•hi
3

3 • (EI)eff,i
(6)  

where (EI)eff ,i is the effective bending stiffness of the CLT panel at the ith 

storey, and it can be obtained as expressed by Eq. (7). 

(EI)eff ,i =
Bi

3

12
•

[
∑nz

k=1

(
E0,k • tz,k

)
+
∑nx

k=1

(
E90,k • tx,k

)
]

(7)  

where E0,k and tz,k are the modulus of elasticity parallel to grain and 
the thickness of the kth vertical lamination, respectively, E90,k and tx,k 

are the modulus of elasticity perpendicular to grain and the thickness of 
the kth horizontal lamination, respectively, and nz and nx 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, 
δA,i, can be calculated using Eq. (8). 

δA,i =
Vi

KA,i
(8)  

where KA,i is the stiffness of the shear-wall due to sliding, calculated as 
the product of the lateral shear stiffness, Ka,x,i, of angle brackets and the 
number of angle brackets, na,i, namely KA,i = Ka,x,i • na,i. 

The inter-storey lateral displacement due sliding between the shear- 
wall under consideration and the floor panel above, δF,i, can be obtained 

Fig. 1. Lateral displacements of a 4-storey isolated multi-storey platform-type CLT shear-wall.  

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. 

Fig. 3. Internal actions on single-panel (a) and multi-panel (b) shear-wall at the 
i-th storey. 
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from Eq. (9) as follows: 

δF,i =
Vi

KF,i
(9)  

where KF,i is the stiffness of the wall due to the floor-to-wall connections, 
calculated as the product of the lateral-shear stiffness, Kf ,x,i, of a floor-to- 
wall connection and the number of floor-to-wall connections, nf ,i, 
namely KF,i = Kf ,x,i • nf ,i. 

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, δR,i, [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, δR,M,i, and the lateral displacement due to 
the stabilizing effect of the total vertical load, δR,N,i. When the stabi
lizing effect of the vertical loads is greater than the overturning moment 
caused by lateral loads (i.e., δR,M,i < δR,N,i), the rocking of the shear-wall 
is prevented and, as a result, the inter-storey lateral displacement due to 
the rocking kinematic mode, δR,i, is assumed equal to zero. 

δR,i = max(δR,M,i − δR,N,i;0); (10) 

The inter-storey lateral displacement due the overturning moment 
caused by the lateral loads from Eq. (10), δR,M,i, can be obtained from 
the product of the inter-storey rotation due to the overturning moment 
caused by lateral loads, φR,M,i, and the inter-storey height, hint,i, as 
expressed in Eq. (11). 

δR,M,i = φR,M,i • hint,i (11)  

where the inter-storey height is calculated as the sum of the shear-wall 
height and the floor depth, namely hint,i = hi + hfloor,i. 

The inter-storey rotation due to the overturning moment caused by 
the lateral load, φR,M,i, is obtained from the ratio of the overturning 
moment acting at the top of the shear-wall, Mi, and the rocking stiffness 
of the shear-wall at the ith storey, KR,i, 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). 

φR,M,i =
Mi

KR,i
(12)  

KR,i = Khd,i •
(
shd − bc,i

)2
+
∑na,z≤na

k=1

[
Ka,z,k •

(
sa,k − bc,i

)2
]

(13)  

where Khd,i is the vertical tensile stiffness of the hold-down, na,z is the 
number of angle-brackets exhibiting uplift, Ka,z,k is the vertical tensile 
stiffness of the kth angle bracket subjected to uplift, shd and sa,k are the 
distance of the hold-down and of the kth angle bracket from the shear- 
wall end, respectively, and bc,i 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 bc,i 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 0.05Bi and 0.1Bi[4] 

The lateral displacement due to the stabilizing effect of the cumu
lative vertical load, δR,N,i, is calculated as the product of the inter- 

storey rotation due to the vertical load, φR,N,i, and the inter-storey 
height, hint,i, according to Eq. (14). 

δR,N,i = φR,N,i • hint,i (14)  

where the inter-storey rotation φR,N,i can be obtained according to Eq. 
(15). 

φR,N,i =
Ni • (0.5Bi − bc,i)

KR,i
(15) 

The total inter-storey rocking rotation φR,i, defined as the ratio be
tween the inter-storey lateral displacement due to the rocking kinematic 
mode of the wall, δR,i, and the inter-storey height hint,i, can hence be 
calculated as outlined in Eq. (16). 

φR,i =
δR,i

hint,i
= max(φR,M,i − φR,N,i;0) (16)  

2.2.4. Rotation of storey below 
The inter-storey lateral displacement associated with the rotation of 

the storey below the wall under consideration, δθ,i, can be calculated 
according to Eq. (17). 

δθ,i = θi− 1 • hint,i with i ≥ 1 (17) 

where θi− 1 is the rotation at the top of the shear-wall at the (i-1)th 

storey, calculated according to Eq. (18). 

θi− 1 = θi− 2 +φB,i− 1 +φR,i− 1 (18)  

where θi− 2 is the rotation at the top of the shear-wall at the (i-2)th storey, 
φB,i− 1, is the rotation at the top of the shear-wall at the (i-1)th storey due 
to the panel bending deformation, as obtained in Eq. (19), and φR,i− 1 is 
the rotation at the top of the shear-wall at the (i-1)th storey due to the 
rocking, calculated according to Eq. (16), where index i is replaced with 
index i-1. 

φB,i− 1 =
Mi− 1,top, • hi− 1

(EI)eff,i− 1
+

Vi− 1• hi− 1
2

2 • (EI)eff,i− 1
(19) 

The parameter θ0 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. 

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 

Fig. 4. Rocking kinematic mode of a single-panel shear-wall.  
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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 Eqs. (20), (21), and (22), respectively, are satisfied: 

Khd,i

Kv,i
≥

1 − Ñi •
3m− 2

m2

1 − Ñi •
m− 2
m2

CP kinematic mode (20)  

1 − Ñi

1 + Ñi • (m − 2)
<

Khd,i

Kv,i
<

1 − Ñi •
3m− 2

m2

1 − Ñi •
m− 2
m2

IN kinematic mode (21)  

Khd,i

Kv,i
≤

1 − Ñi

1 + Ñi • (m − 2)
SW kinematic mode (22) 

where Khd,i is the vertical tensile stiffness of the hold-down, Kv,i is 
the shear stiffness of the vertical joint, Ñi is the dimensionless vertical 
load on the shear-wall at the ith storey, which can be obtained according 
to Eq. (23). 

Ñi =
Ni • m • b

2 • Mi
(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]. 

Khd,i

Kv,i
≥

1 −
Ñi•[3•m− 2]

m2

(

1 + β•na
2•m

)

−

Ñi•

{

m•

(

1+β•na
2•m

)

− 2•[1+α•β•m]

}

m2

(24)  

where β and α can be obtained using Eqs. (25) and (26), respectively. 

β =
Ka,z,i

Khd,i
(25)  

α =
∑

na
m

k=1

⎛

⎜
⎝

k
na
m + 1

⎞

⎟
⎠

2

=

na
m •
(

2 • na
m + 1

)

6 •
(

na
m + 1

) (26) 

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. 

2.3.2. Panel deformation 
The inter-storey lateral displacements due to the panel shear defor

mation, δS,i, can be calculated in a similar manner as presented for 
single-panel shear-walls according to Eq. (3), where Bi is taken as the 
total length of the shear-wall (i.e., Bi = m • bi). The inter-storey lateral 
displacement due to panel bending deformation δB,i, can be calculated 
using Eq. (6), where (EI)eff ,i 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)0,i and the value related to a 
single-panel shear-wall (EI)∞,i, with the same total wall length, as 
expressed by Eqs. (27) to (29). The determination of (EI)eff,i 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. 

(EI)0,i ≤ (EI)eff,i ≤ (EI)∞,i (27)  

(EI)0,i = m •
bi

3

12
•

[
∑nz

k=1

(
E0,k • tz,k

)
+
∑nx

k=1

(
E90,k • tx,k

)
]

(28)  

(EI)∞,i =
Bi

3

12
•

[
∑nz

k=1

(
E0,k • tz,k

)
+
∑nx

k=1

(
E90,k • tx,k

)
]

(29)  

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, δA,i, and the sliding between the shear-wall under consideration 
and the floor panel above, δF,i, can be calculated with the same approach 
adopted for a single-panel shear-wall, according to Eqs. (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, φR,i, for CP and SW modes as expressed in 
Eqs. (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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φR,i = max(φR,M,i,CP − φR,N,i,CP;0) for CP mode (30)  

φR,i = max(φR,M,i,SW − φR,N,i,SW ;0 )for SW mode (31)  

where φR,M,i,CP and φR,M,i,SW 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 φR,N,i,CP and φR,N,i,SW are the inter- 
storey rotation due the stabilizing effect of the total vertical load for the 
CP and SW mode, respectively (Eqs. (34) and (35)): 

φR,M,i,CP =
Mi

KR,i,CP
(32)  

φR,M,i,SW =
Mi

KR,i,SW
(33)  

φR,N,i,CP =
Ni • bi

2 • KR,i,CP
(34)  

φR,N,i,SW =
Ni

2 • Khd,i • Bi
(35) 

KR,i,CP and KR,i,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 Eqs. (36) and (37), respectively. 

KR,i,CP =

[
KU,AB • Khd,i + (m − 1) • Kv,i

]

m2 • Bi
2 (36)  

KR,i,SW =

[
1

Khd,i
+
(m − 1)

Kv,i

]− 1

• Bi
2 (37)  

where KU,AB 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., KU,AB = 1). When the uplift 
contribution of angle brackets is considered significant, KU can be 
calculated as follows: 

KU,AB = 1 + α • β • m (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, δR,i, can be calculated as provided by Eq. (39). 

δR,i = max(φR,i • hint,i;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 ith storey, δθ,i, 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 

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]
− 1
{FS} −

{
dS,N
}

(40)  

where {dS} is the lateral displacement array, {FS} is the applied lateral 
load array, [KS] is the stiffness matrix and 

{
dS,N

}
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]
− 1), where the generic element, US,i,j, represents the lateral 

displacement at the ith storey due to a unit lateral force applied at the jth 

storey of the considered shear-wall. 
All contributions related to the vertical load are neglected (δR,N,i =

0;φR,N,i = 0) in the calculation of US,i,j, since the stabilizing effect due to 
the vertical load is already included in the term 

{
dS,N

}
of Eq. (40). 

In this formulation, an isolated Ns-storey shear-wall with the same 
inter-storey height hint at all storeys and with a unit lateral load FS,j = 1 
applied at the jth storey, is considered. The total shear load, Vi , the 
total overturning moment acting at the bottom, Mi, as well as the total 
overturning moment acting at the top, Mi,top, of the ith storey, can be 
obtained according to Eqs. (41), (42), and (43), respectively. 

Vi =

{
1 for i ≤ j

0 for j < i < Ns
(41)  

Mi =

{
1 • [j − (i − 1)] • hint for i ≤ j

0 for j < i ≤ Ns
(42)  

Mi,top =

{
1 • (j − i) • hint for i < j

0 for j ≤ i ≤ Ns
(43) 

The lateral displacement at the ith 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 
ith storey. 

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

US,1,j = δS,1,j + δB,1,j + δS,1,j + δF,1,j + δR,M,1,j + δθ,1,j (44)  

where δθ,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: 

US,1,j =
h

Geff ,1•tCLT,1 • B1
+

[
(j − 1) •hint • h2

2 • (EI)eff ,1
+

h3

3 • (EI)eff ,1

]

+
1

KA,1

+
1

KF,1
+

j • hint

KR,1
• hint

(45) 

The equivalent displacement due to the vertical loads at the 1st 
storey, dS,N,1, 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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dS,N,1 = φR,N,1 • hint =
N1 • (0.5B1 − bc,1)

KR,1
• hint (46) 

Similarly, the lateral displacement at the 2nd storey, due to unit 
lateral force applied at the jth storey, US,2,j, can be expressed as: 

US,2,j = US,1,j + δS,2,j + δB,2,j + δS,2,j + δF,2,j + δR,M,2,j + δθ,2,j (47) 

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

US,2,j = US,1j +
h

Geff ,2 • tCLT,2 • B2
+

[
(j − 2)•hint • h2

2 • (EI)eff ,2
+

h3

3 • (EI)eff ,2

]

+
1

KA,2

+
1

KF,2
+
(j − 1) • hint

KR,2
• hint + θ1,j • hint

(48)  

where θ1,j is calculated according to Eqs. (18) and (19), as presented in 
Eq. (49). 

θ1,j = θ0 + φB,1,j + φR,M,1,j = 0 +
(j − 1)•hint • h

(EI)eff ,1
+

h2

2 • (EI)eff ,1
+

j • hint

KR,1

(49) 

Substituting Eq. (49) into Eq. (48), US,2,j can be calculated as: 

US,2,j = US,1j +
h

Geff ,2•tCLT,2 • B2
+

[
(j − 2)•hint • h2

2 • (EI)eff ,2
+

h3

3 • (EI)eff ,2

]

+
1

KA,2

+
1

KF,2
+
(j − 1) • hint

KR,2
• hint +

(
(j − 1) • hint • h

(EI)eff ,1
+

h2

2 • (EI)eff ,1

+
j • hint

KR,1

)

• hint

(50) 

The rotation at the top of the 2nd storey θ2,j is calculated according to 
Eqs. (18) and (19) as expressed by Eq. (51): 

θ2,j = θ1,j + φB,2,j + φR,M,2,j

= θ1,j +
(j − 2) • hint • h

(EI)eff ,2
+

h2

2 • (EI)eff ,2
+
(j − 1) • hint

KR,2
(51) 

The displacement due to the vertical loads, dS,N,2, can be calculated 
by considering the rocking displacement, dS,N,1, and the rocking rotation 
of the shear-wall at the storey below, φR,N,1, due to the vertical loads, as 
expressed in Eq. (52). 

dS,N,2 = dS,N,1 +
(
φR,N,1 +φR,N,2

)
• hint

= dS,N,1 +

(
N1 • (0.5B1 − bc,1)

KR,1
+

N2 • (0.5B2 − bc,2)

KR,2

)

• hint (52) 

At the ith storey, where i ≤ j, Eqs. (50) and (51) can be generalized as 
expressed by Eqs. (53) and (54), respectively. 

US,i,j = US,i− 1,j +
h

Geff ,i • tCLT,i • Bi
+

[
(j − i)•hint • h2

2 • (EI)eff ,i
+

h3

3 • (EI)eff ,i

]

+
1

KA,i

+
1

KF,i
+
(j − i + 1) • hint

KR,i
• hint + θi− 1 • hint

(53)  

θi,j = θi− 1,j + φB,i,j + φR,M,i,j

= θi− 1,j +
(j − i) • hint • h

(EI)eff ,i
+

h2

2 • (EI)eff ,i
+
(j − i + 1) • hint

KR,i
(54) 

Alternatively, for the ith storey, where j < i ≤ Ns, since the shear and 
bending moment are equal to zero, US,i,j and θi,j can be obtained as 
expressed in Eqs. (55) and (56), respectively: 

US,i,j = US,j,j + θj,j • (i − j) • hint (55)  

θi,j = θj,j (56) 

The generic element US,i,j of the flexibility matrix [US] can hence be 
expressed as:   

The displacement due to the vertical loads, dS,N,i can be generalized 
as expressed in Eq. (58). 

dS,N,i = dS,N,i− 1 +
∑i

r=1
φR,N,r • hint

= dS,N,i− 1 +
∑i

r=1

Nr • (0.5Br − bc,r)

KR,r
• hint (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 ith storey is represented by 

US,i,j =

⎧
⎪⎪⎨

⎪⎪⎩

US,i− 1,j +
h

Geff ,i • tCLT,i • Bi
+

(
(j − i)•hint • h2

2 • (EI)eff ,i
+

h3

3 • (EI)eff ,i

)

+
1

KA,i
+

1
KF,i

+
(j − i + 1) • hint

KR,i
• hint + θi− 1,j • hint for i ≤ j

US,j,j + θj,j • (i − j) • hint for j < i ≤ Ns

(57)   
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point Oi, 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 {dLLRS} of dimensions 3Ns × 1, according 
to Eq. (59). 

{dLLRS} =
{

dO1 ,x, dO1 ,y,ωO1 ,……., dOi ,x, dOi ,y,ωOi ,……, dONs ,x, dONs ,y,ωONs

}T

(59)  

where dOi ,x and dOi ,y are the lateral displacements of point Oi along the 
x- and y-direction, respectively, and ωOi is the rotation of point Oi at the 
ith storey. 

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

{FLLRS} =
{

FO1 ,x, FO1 ,y,MO1 ,……., FOi ,x, FOi ,y,MOi ,……, FONs ,x, FONs ,y,MONs

}T

(60)  

where FOi ,x and FOi ,y are the lateral loads applied at point Oi along the 
x- and y-direction at the ith storey, respectively, and MOi is the torsional 
moment applied at point Oi at the ith storey. 

The matrix formulation for the generic kth isolated shear-wall can be 
written by rearranging Eq. (40), as expressed in Eq. (61): 

{FS}k = [KS]k

(
{dS}k +

{
dS,N
}

k

)
(61)  

where {dS}k represent the lateral displacement of the isolated jth shear- 
wall (Fig. 6c), and {FS}j represents the array of lateral loads applied by 
the diaphragm at each storey on the kth shear-wall. 

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

{dS}k = [CS]k{dLLRS} (62)  

where [CS]k is an Ns × 3Nsmatrix that associates the displacement of the 
kth shear-wall to the displacements of the reference point Oi, as a func
tion of the orientation of the shear-wall and distance from the point Oi. 
Substituting Eq. (62) in Eq. (61), one obtains: 

{FS}k = [KS]k

(
[CS]k{dLLRS} +

{
dS,N
}

k

)
(63) 

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): 

{FLLRS} • δ{dLLRS} =
∑

{FS}k • δ{dS}k (64)  

where δ 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). 

{FLLRS} • δ{dLLRS} =
∑

[KS]k

(
[CS]k{dLLRS} +

{
dS,N
}

k

)
• [CS]kδ{dLLRS}

(65)  

{FLLRS} =
(∑

[CS]k
T
[KS]k[CS]k

)
• {dLLRS}+

∑
[CS]k

T
[KS]k

{
dS,N
}

k (66)  

{FLLRS} = [KLLRS]{dLLRS}+
{
FLLRS,N

}
(67)  

where [KLLRS] is the LLRS stiffness matrix and 
{
FLLRS,N

}
is the LLRS 

equivalent lateral force array related to the vertical loads, which can be 
obtained as presented in Eqs. (68) and (69), respectively: 

[KLLRS] =
∑

[CS]k
T
[KS]k[CS]k (68)  

{
FLLRS,N

}
=
∑

[CS]k
T
[KS]k

{
dS,N
}

k (69) 

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

{dLLRS} = [KLLRS]
− 1⋅
(
{FLLRS} −

{
FLLRS,N

} )
(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}k, can be calculated ac
cording to Eqs. (61) and (62) from which the overturning moment action 
at the bottom of the ith storey, Mi,k, can be calculated as expressed by Eq. 
(71). 

Mi,k =
∑n

r=i
FS,r,k⋅(r − i+ 1)⋅hint (71) 

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

Fig. 6. Shear-wall line as part of the Lateral Load Resisting System. a) lateral displacement components of the ith floor; 2) lateral loads applied at the ith floor; 3) 
deformed shape of the lateral load resisting system. 
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Mstab,i,k = Ni,k⋅
B
2

for single − panel shear − wall (72)  

Mstab,i,k = Ni,k⋅
b
2

for multi − panel shear − wall (73) 

The condition for the activation of the rocking mechanism at the ith 

storey of the kth shear-wall can be expressed as reported in Eq. (74). 

ΔMi,k =
⃒
⃒Mi,k

⃒
⃒ −
⃒
⃒Mstab,i,k

⃒
⃒ (74) 

If ΔMi,k > 0, the rocking mechanism is activated as assumed in the 
initial condition of the analysis. If ΔMi,k < 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 kth shear-wall have to 
be recalculated by assuming that the rocking deformation contribution 
at the ith storey is neglected, namely KR,i,k→∞. 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 Eqs. (61) and (62) from which the 
new values of overturning moment action at the bottom of the ith 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 kth 

shear-wall at the ith storey. This assumption has to be verified by the 
kinematic mode conditions reported in Section 2.3. 

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 × 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 × 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 × 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 

Fig. 7. Validation of the proposed analytical approach for single-panel single-storey shear-walls.  
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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. 

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 hfloor is taken equal to 0.2 m. The inter- 
storey height hint is hence equal to 2.7 m in both storeys. 

5-ply CLT panels with thickness, tCLT, 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, E0, equal to 12,000 MPa and 
an in-plane shear modulus, G0, equal to 690 MPa. A hold-down char
acterized by a vertical tensile stiffness, Khd, 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, Ka,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, 
Ka,z, equal to 3000 kN/m is assumed. The floor-to-wall connections for 
both floors consist of twenty 10 × 300 mm screws uniformly distributed 
along Wall 1 and ten 10 × 300 mm screws uniformly distributed along 

Fig. 8. Validation of the proposed analytical approach for multi-panel single-storey shear-walls.  

Fig. 9. Validation of the proposed analytical approach for the two-storey 
shear-wall. 
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Wall 2. Each screw is characterized by a lateral shear stiffness, Kf,x, 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 
{FLLRS} 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. 

{FLLRS} =
{
FO1 , FO2 ,

}T
=

{
50
100

}

• 103 N (75) 

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 Eqs. (76) to (78). Detailed calculations are reported in the 
Supplementary Material. 

{dS}Wall1 = {dS}Wall2 =

{
12.4
24.3

}

mm (76)  

{FS}Wall1 =

{
2.9
8.0

}

•104N (77)  

{FS}Wall2 =

{
2.1
2.0

}

•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 

Fig. 10. Design examples: (a) two-storey with two parallel single-panel CLT shear-walls, (b) 3-storey two-panel shear-wall.  

Fig. 11. The LLRS system composed of two CLT shear-walls modelled in SAP2000.  
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high compression stiffness of 108 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, Khd,i, 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, Ka,x, 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 

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 108 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 

Table 1 
The results obtained from the developed equations and numerical models.  

Parameter Analytical models Numerical models Discrepancy 

dS,1 (mm)  12.4  11.5 7.7% 
dS,2 (mm)  24.3  22.2 9.5% 
FS,1,1 (kN)  29.3  29.1 0.8% 
FS,2,1 (kN)  80.4  79.7 0.9% 
FS,1,2 (kN)  20.8  20.9 0.7% 
FS,2,2 (kN)  19.6  20.3 3.3%  
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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. 
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