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A B S T R A C T

The behaviour and failure mode expected in Cross Laminated Timber (CLT) shearwalls when either window or 
door openings are incorporated into the shearwalls may be considerably different than that of shearwalls without 
openings. Despite clear theoretical and experimental evidence of the possible occurrence of significant increase 
in the deformation contribution of the CLT panels and induce high stress concentrations around openings, limited 
studies have been conducted on the effect of crack propagation in CLT shearwalls with cut openings. The current 
study presents two modelling techniques to account for the crack propagation around openings, through 
concentrated plastic hinge (PHM) and continuous post-elastic (CPEM) models. The proposed models are vali
dated using available experimental results obtained from six full-scale shearwalls in the literature while input 
parameters, such as the mechanical properties of the CLT panels, are obtained, in part, from component-level 
experimental investigation on CLT beams conducted by the authors as part of the current study. The impact 
and advantages of accurately predicting the non-linear behaviour of the CLT panels are investigated through a 
numerical analysis on a case-study representing a multi-storey shearwall with multiple openings. The results 
showed the inability of elastic models to predict the inelastic behaviour in the CLT shearwall after the crack 
opening, and this the study recommends the inclusion of stress redistribution near crack openings and subse
quent inelastic behaviour in the analysis.

1. Background and literature review

1.1. Introduction

Strength capacity and deformation of Cross Laminated Timber (CLT) 
shearwalls with no openings are primarily governed by the behaviour of 
the mechanical anchors used to connect the shearwalls to its base or 
vertical joints connecting CLT panels together [1,2]. A considerably 
different behaviour and failure mode may be expected when either 
window or door openings are incorporated into the shearwalls. The 
openings may result in a significant increase in the deformation 
contribution of the CLT panels and induce high stress concentrations 
around openings, potentially leading to premature and undesired brittle 
failure modes. This is particularly plausible when openings are cut 

directly out of the CLT panels, resulting in structural continuity between 
lintel and/or parapet elements and the wall segments (Fig. 1a). Alter
natively, openings can be constructed by assembling the individual el
ements in the wall by means of connections designed primarily to 
transfer the shear load from the lintel to the wall segments (e.g. by 
notching the wall segments and using dowel-type fasteners to join the 
two elements); however, such joints are not capable of providing any 
significant moment continuity (Fig. 1b).

The structural continuity and the interaction between lintel and 
parapet beams and wall segments in shear-wall with cut-out openings 
produce a shearwall behaviour that is much different from that of 
cantilever beams. This behaviour leads to heightened complexity in the 
prediction of mechanical behaviour of the shearwall since stress con
centrations around openings and corresponding failure modes in the 
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panel have to be carefully considered in the analysis model. Ignoring the 
interaction between various wall elements, for the purpose of simpli
fying the analysis and design method, could yield a significant reduction 
in design efficiency, especially for multi-storey lateral load resisting 
systems. Studies have shown that both strength and stiffness of shear- 
walls with cut-out openings are significantly higher than those ob
tained in assembled shearwalls (e.g., [17]).

Furthermore, an accurate prediction of the brittle failure modes in 
the panel is essential when CLT shearwalls are designed in seismic prone 
areas, where a capacity-based design approach is typically adopted to 
protect brittle failure modes in the panels and ensure yielding and en
ergy dissipation in connections.

Research conducted on shearwalls with cut openings has been quite 
limited, but valuable information is available in literature on their me
chanical behaviour. The following sections discuss the available litera
ture on studies related to experimental testing, numerical modelling and 
introduces the theory relevant to this paper on crack propagation in 
timber elements.

1.2. Experimental studies on CLT shearwalls with openings

Ceccotti et al. [3] carried out an experimental test on a CLT shearwall 
with single door opening. The study reported that the CLT panels 
behaved elastically, and the failure mode was related to the mechanical 
anchors used to connect the shearwall to the foundation. Dujic et al. [4]
reported on cyclic tests conducted on two single-storey shearwalls, each 
with a door and window opening. A ductile failure mode of the me
chanical anchors was attained, with no crack opening observed in the 
panels. Similar outcome was reported by Popovski et al. [5] based on a 
cyclic test of a single-storey CLT shearwall with a door and a window 
opening, anchored to the foundation by means of angle brackets typi
cally used for light-frame shearwalls. Popovski et al. [6] investigated a 
full-scale 2-storey CLT structure under quasi-static cyclic load and 
observed cracks in the corner of a door opening in one of the wall panels 
at the first storey. It was found that the global behaviour was primarily 
dominated by a combination of sliding and uplift of the angle brackets at 
the first storey. Yasamura et al. [7] investigated the mechanical per
formance of a two-storey CLT building made with two shearwalls at each 
storey with cut door and window openings. The observed failure mode 
was predominantly related to the uplift of the mechanical anchors due to 
rocking of the shearwalls, with some cracks detected at the corners of the 
openings.

Awad et al. [8] presented an experimental campaign on single-storey 
CLT shearwalls with either single or double openings. The results from 
the cyclic tests showed that failure in CLT panels occurred at the upper 
corner of the opening in almost all specimens, resulting in brittle failure 
mode of the shearwalls. Mestar et al. [9] investigated five shearwalls 
with either door or window openings with the aim to study the walls’ 
rocking kinematic behaviour. A single centre of rotation, for the entire 
wall, was observed for the shearwalls consisting of window opening or 
door opening with stiff lintels. A kinematic mode, characterized by one 
centre of rotation for each wall segment, was achieved for the shearwall 
with door opening and slender lintel. For such wall configurations, crack 
opening and propagation were observed. Casagrande et al. [10] con
ducted monotonic tests on six CLT shearwalls with single cut-out door or 

window openings with the aim to investigate the geometrical and me
chanical properties of the shearwall that could induce brittle failure 
mode in the CLT panel. The study reported crack opening and propa
gation in two of the four shearwalls with door openings. Isoda et al. [59]
investigated the propagation of cracks around the corners in CLT 
shear-walls with cut-out openings through experimental tests on L- and 
T-shape specimens. Bending and rolling shear failures were observed in 
the lintel beam. The study also reported that the beam theory (i.e. strain 
distribution is not linear) cannot be adopted for the analysis of me
chanical behaviour of such elements.

1.3. Numerical studies on CLT shearwalls with openings

Early development in numerical studies on CLT shearwalls with cut 
openings mainly focused on the determination of stiffness and strength 
reduction factors which take into account the geometrical dimensions of 
openings [11,12].

A similar approach was adopted by Shahnewaz et al. [13] to inves
tigate the influence of the shape and dimension of the openings on the 
shearwall capacity and stiffness. In these studies, the CLT panels were 
modelled by means of orthotropic homogenous 2D shell elements 
characterized by linear-elastic material behaviour, using effective values 
for the modulus of elasticity and shear modulus. The mechanical an
chors were modelled by means of bi-directional non-linear link 
elements.

Homogenous 2D shell elements, characterized by linear-elastic 
behaviour were also adopted by Fragiacomo et al. [14] to perform 
non-linear static analysis of a 3-storey CLT building. Link elements 
characterized by the non-linear behaviour obtained by experimental 
tests were adopted for the modelling of connections. Pai et al. [15]
investigated force transfer around openings, while Casagrande et al. 
[16] studied the location and distribution of axial and shear internal 
forces in relevant sections of the CLT shearwall panels with openings. 
Several studies presented numerical predictions of the behaviour of CLT 
shearwalls with cut openings, tested experimentally under quasi-static 
monotonic or cyclic loading [7–10].

The adopted models differ from one-another mainly in the assump
tions related to the implementation of the non-linear behavioural 
characteristics assigned to the mechanical anchors, including uni- vs bi- 
directional behaviour and tri-linear vs multi-linear behaviour; however, 
analogous approaches were used for the prediction of failure modes in 
the CLT panels. Since panels were modelled using linear-elastic material, 
a step-by-step verification of either internal stresses or internal forces 
per unit length in the shell elements was undertaken. The values ob
tained from the analyses were compared with the mean resistance values 
in the panel obtained from the experimental tests on isolated CLT 
members (i.e. small panels or beams). The same modelling strategy and 
failure criterion was adopted for CLT panels by Khajehpour et al. [17] in 
order to numerically investigate the influence of construction tech
niques of opening on the strength capacity and stiffness of multi-storey 
shearwalls.

Mestar et al. [18] and Casagrande et al. [19] proposed an equivalent 
frame model as an alternative to 2D shell elements for the analysis of 
shearwalls with cut openings. Lintel, parapet and wall segments were 
modelled by means of macro-element represented by horizontal and 

Fig. 1. CLT shearwalls with cut-out openings (a); CLT shearwalls where openings are obtained by assembling separated elements (b).
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vertical 1-D frame elements, with rectangular cross-section. Line
ar-elastic behaviour was assumed for the flexible parts of the 
macro-elements. A step-by-step verification procedure including axial 
load, shear load, and bending moment was conducted in the frame 
element in order to determine possible failure modes in the CLT panels. 
D’Arenzo [60] presented an analytical methodology to predict the 
lateral displacement of CLT shear-walls with a single door or window 
opening. The presented model is capable of considering two different 
rocking kinematic modes, namely one or two centre of rotations. Rug
geri et al. [61] conducted a parametrical study to investigate the inter
action between the floor-to-wall connections and lintel elements on the 
mechanical behaviour of CLT shear-walls with cut-out openings. The 
results showed that such connections may have a significant role in the 
response of the shear-walls, while out-of-plane bending stiffness of the 
CLT floor panel has a negligible effect.

1.4. Crack propagation modeling in timber members

Linear elastic fracture mechanics (LEFM) deals with the initiation 
and propagation of cracks in elastic bodies [20–22]. In general, two 
different analytical techniques can be used to approach crack propaga
tion problems in LEFM, namely stress intensity criterion and energy 
criterion. The former is based on the definition of a stress intensity 
factor, while the latter focusses on the energy released during the 
propagation of a pre-existing crack (i.e., compliance method). In the 
energy approach, the material is characterised by a corresponding crit
ical energy release rate, Gc, or critical stress intensity factor, Kc, which 
characterizes the material’s resistance to brittle fracture [23].

Timber is usually defined as cylindrically orthotropic material with 
axes of material symmetry corresponding to longitudinal (L), radial (R) 
and transversal (T) directions. Two assumptions are typically made 
concerning wood’s behavior, in order to extend the basic LEFM princi
ples: i) the specimen is taken a sufficient distance from the tree center 
such that the curvature of the growth rings can be ignored and recti
linearly orthotropic material behaviour can be assumed, and ii) timber 
behaves as a brittle solid, which is a reasonable assumption when the 
moisture content is sufficiently low [24].

For some complex-shaped structures with arbitrary crack front, the 
analytical definition of the stress intensity factors is difficult to achieve 
especially as closed-form solution, and therefore numerical methods, 
such as finite element analysis, have been extensively developed. Virtual 
Crack Closure Technique (VCCT) and Cohesive Zone Model (CZM) are 
often used for this purpose. These techniques have been successfully 
implemented in research involving crack formation in notched beams 
[25,26]. They have also been used to simulate bonded joint damage 
onset and growth [27,28], and to investigate the splitting strength of 
timber connections [29].

Other research related to cracks in glued timber members have been 
carried out using 3D Non-Linear Fracture Mechanic (NLFM) models [30, 
31]. The main aim of these analyses was to highlight the fracture 
propagation related to finger-joints strength [32], glued-in rods [33], 
and beams with holes [34]. The models were capable of accounting for 
defects such as fibre bridging along the crack and softening ahead of the 
crack tip.

The extended finite element method (XFEM) alleviates the short
comings associated with meshing crack surfaces. This method assesses 
for the presence of discontinuities in a material by special enriched 
functions in conjunction with additional degrees of freedom. The XFEM 
is a well-established technique that does not require prior knowledge 
and determination of the crack path and is available with 2D and 3D 
models for LEFM as well NLFM methods. This method has been suc
cessfully utilized to model steel[35], concrete[36] and composites [37].

Qui et al. [38] developed XFEM-based models to simulate the crack 
propagation behaviour of wood in curved glulam beams. Crack initia
tion, propagation and failure load and patters obtained from a 3D nu
merical simulation were compared with full-size bending tests on 

beams, and the suitability of XFEM was established. Other studies on 
glulam beams were carried out by Kováčiková et al. [39] and Tapia and 
Aicher [40], where the XFEM method was used to simulate the tensile 
failure in timber boards and finger-joints in a glulam. Habite et al. [41]
investigated the moisture-induced crack propagation in dowelled 
connection in glulam elements. Gebhardt and Kaliske [42] adopted the 
XFEM modelling technique to describe the brittle failures of wood using 
stress-based failure criterion predicated on multi-surface formulation.

1.5. Summary and contribution

Review of the available literature on the numerical modelling of CLT 
shearwalls with cut openings highlights the consensus to assume linear- 
elastic behaviour of CLT panels. However, results from experimental 
investigations conducted at both wall and building levels seem to indi
cate that crack propagation around openings may not always cause an 
abrupt brittle failure in the tested system, leading to the ultimate failure 
being primarily related to the connections, even in cases where panel 
local strength capacity is exceeded. In other words, shearwalls with cut 
openings have demonstrated the capacity to undergo significant lateral 
displacement beyond crack opening in the CLT panel. As a result, 
although the majority of numerical analyses that adopts linear-elastic 
behaviour of CLT panels showed a reasonable match in terms of 
strength capacity and stiffness with experimental results, there is a need 
to establish better understanding of the behaviour of CLT shearwalls 
after the occurrence of the crack.

The current study aims to provide adequate prediction of the CLT 
shearwall behaviour beyond crack initiation. A proposal for the nu
merical prediction of the mechanical behaviour of CLT shearwalls with 
cut openings is presented through FE models capable of considering the 
non-linear behaviour of CLT panels. Two different types of modelling 
techniques are defined to account for the crack propagation around 
openings. The proposed models are validated using available experi
mental results obtained from full-scale shearwalls in the literature while 
input parameters, such as the mechanical properties of the CLT panels, 
are obtained, in part, from component-level experimental investigation 
on CLT beams conducted by the authors as part of the current study. The 
impact and advantages of accurately predicting the non-linear behav
iour of the CLT panels are investigated and demonstrated through the 
analysis of a case-study representing a multi-storey shearwall with 
multiple openings.

2. Proposal for the numerical prediction of shearwalls with cut- 
out openings

In this section, two modelling techniques are proposed for the nu
merical prediction of the non-linear behaviour of CLT shearwalls with 
cut openings. The proposed approaches are capable of analysing and 
incorporating the opening and propagations of cracks around the 
openings. The two models have been implemented in SAP2000 [45] and 
ABAQUS [46] software packages by introducing novel and simplified 
methodologies in the analysis of crack openings and propagation in CLT 
shearwall through a concentrated plastic hinge (PHM) and continuous 
post-elastic (CPEM) models, respectively. The modelling techniques 
were implemented in two different software, primarily due to the ca
pabilities of those programs. ABAQUS has the capability to implement 
fracture mechanics formulation for crack initiation and propagation, 
while the procedure implemented in SAP is simpler (i.e., designer 
friendly), done due to the rigid link capability.

2.1. Description of proposed finite element models

2.1.1. Concentrated plastic hinge model (PHM)
Four-node quadrilateral homogenous shell elements, characterized 

by the same thickness as that of the wall, are adopted to model the CLT 
panels. Effective values of the modulus of elasticity along the vertical, 
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Eeff,v (Eq. 1) and horizontal, Eeff,h (Eq. 2) directions, as well as the in- 
plane shear modulus, Geff (Eq. 3) are selected to represent the elastic 
orthotropic material behaviour, as presented by Bogensperger et al. [43]
and Brandner et al. [44]. 

Eeff ,v =
E • tv
ttot

(1) 

Eeff ,h =
E • th
ttot

(2) 

Geff =
G

1 + 6 • αT •

(
tmean
wb

)2 (3) 

where E is the elastic modulus parallel to the grain of boards, ttot the total 
thickness of the CLT panel, tv and th are the total thickness of the vertical 
and horizontal layers, respectively, G is the in-plane shear modulus of 
boards, tmean is the average thickness of boards, wb is the width of boards 
or the distance between board’s edge and notch and αT is reported in Eq. 
4. 

αT = pB •

(
tmean

wb

)qB

(4) 

where qB is equal to − 0.79 and pB and is equal to 0.53 and 0.43 for 3 and 
5 layers CLT panel, respectively, as reported in [44].

In order to take into account the post-elastic behaviour of wood el
ements after crack opening, the shell elements at the end and mid- 
sections of the lintel and parapet segments are replaced with horizon
tal rigid frame elements, as outlined in Fig. 2. Two uncoupled axial and 
shear discrete plastic hinges are inserted at the mid-section of each 
frame element, in order to represent the concentrated post-elastic 
behavior along the horizontal and vertical direction, respectively, as 
shown in Fig. 3. Limiting the link elements to only the end and mid- 
sections of the lintel and parapet segments was based on observation 
from experimental tests on shear-walls with cut-out openings [9,10].

Rigid-perfectly plastic and rigid-brittle behaviour is assigned to the 
axial plastic hinge along the horizontal displacement (uax) to represent 
the compressive and tensile behaviour, respectively, while a symmetric 
rigid-brittle behaviour is assigned to the shear plastic hinge for the 
shear-vertical displacement (uv).

The compressive Rax,C, tensile Rax,T and shear Rv yield forces, which 
determine the activation of each plastic hinge, are calculated as 
expressed in Eqs. 5 to 7: 

Rax,C = s • nax,C,Rd (5) 

Rax,T = s • nax,T,Rd (6) 

Rv = s • nv,Rd = s • min
{

nv,net,Rd
nv,tor,Rd

(7) 

where nax,C,Rd and nax,T,Rd are the compressive and tensile strength per 
unit length of the CLT panel, respectively, nv,Rd is the shear strength 
per unit length, nv,net,Rd is the shear strength per unit length due to net 
shear mechanism, nv,tor,Rd is the shear strength per unit length due to 
torsional shear mechanism and s is the spacing between the rigid frame 
elements (for external frame elements the spacing is divided by two). 
Analytical expressions for the determination of compressive and tensile 
strength per unit length of the CLT panel can be calculated as the 
product of either the tensile or compressive strength of laminations and 
the lamination thickness along the horizontal and vertical direction as 
reported in [10]. It is noteworthy to mention that the first lamination 
(closest to the cut-out corner) is expected to be randomly reduced and 
this might lead to a local decrease in the torsional shear strength. 
Consequently, the outer links at the joints may be characterized by a 
torsional shear strength that is lower than the inner links.

One-joint and two-joint multi-linear link elements are used to model 
the hold-down and angle brackets at the ground and upper storeys, 
respectively, as shown in Fig. 2. Hold-downs and angle-brackets are 
characterized by bi-directional behaviour along the vertical-tensile and 
horizontal-shear directions. The contact between the CLT panels and the 
floor or ground below is simulated by means of rigid GAP (i.e. 
compression-only) elements. A multi-linear curve based on experi
mental testing is used to represent the behaviour of mechanical anchors. 
Vertical concentrated loads are applied at each node at the top of the 
shearwall, while horizontal loads (F) are applied at the top of each wall 
segments at every storey.

In order to include the non-linearity of materials representing the 
mechanical anchors and plastic hinges, non-linear static analyses are 
performed. Since axial and shear plastic hinges are uncoupled, the 
analysis is manually stopped when a single axial or shear plastic hinge 
attains its tensile Rax,T or shear Rv yield force, respectively. The corre
sponding frame element where one of the two plastic hinges yields is 
manually removed from the model, and a new analysis is run starting 
from the load condition reached in the previous analysis. The process 
persists until the failure of the entire shearwall is reached. It is note
worthy to mention that when an axial plastic hinge achieves its 
compressive yield force, the analysis is maintained since no crack 
opening is assumed under compression stresses, and the corresponding 

Fig. 2. Concentrated plastic hinge model (PHM).

Fig. 3. Concentrated plastic hinges.
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shear plastic hinge can hence still transfer shear stresses.

2.1.2. Continuous post-elastic model (CPEM)
In this method, 2D shell element were used to model the CLT panel, 

using four-node CPS4R plane stress elements, with reduced integration 
[46]. The selection of this element presents a reasonable balance be
tween accuracy and modelling efficiency, as demonstrated in the pub
lished literature [10,12,16].

The CLT panels were assigned elastic orthotropic material properties, 
with effective values of moduli of elasticity along the vertical, Eeff ,v, and 
horizontal, Eeff ,h, directions as well as in-plane shear modulus, Geff , in 
accordance with the expressions presented in Eqs. 1 to 3, and consistent 
with those reported for the model described in Section 3.1.1. The 
occurrence of possible compressive damage and local failure mecha
nisms in wood is taken into account by the Hill criterion, which allows 
for different resistance values in the principal directions of the wood 
element.

The numerical simulations are carried out using the ABAQUS/Stan
dard software package [46], in the form of quasi-static displacement 
time histories. The Standard solver is specifically chosen in order to use 
the XFEM method, which is capable of predicting crack initiation and 
propagation in the shearwall lintels. This is done along an arbitrary path 
by modeling the crack as an enriched feature. The aim of this modeling 
technique is to obtain estimates of the elastic and damaged conditions 
up to failure. The cohesive segment method was selected since it rep
resents a more suitable damage modeling within the XFEM framework. 
This enables the definition of the cohesive behavior in terms of a 
traction-separation law, by specifying the damage properties in the 
material definitions.

In the developed model, the possibility for cracks to develop was 
limited to area around the lintels, as shown in Fig. 4. This is consistent 
with observations made in the experimental studies on shear-walls with 
cut-out openings [9,10].

A stress-based damage initiation criterion (maximum nominal stress 
criterion - MAXS), and an energy-based evolution law are selected in 
order to study the crack detection using XFEM. To define the MAXS 
criterion, it is necessary to establish the nominal traction stress vector, as 
defined in Eq. 8. In 2D analyses, this stress vector consists of two 

components: normal stress component to the cracked surface (σn) and 
in-plane shear component (σs). Since the lintels are primarily subjected 
to bending and shear, the peak values of the nominal stresses, σn

0 and σs
0, 

are set equal to the effective bending strength fm,h,eff and the effective 
shear strength fv,eff , as expressed in Eqs. 8 and 9, respectively. 

fm,h,eff =
nax,Rd

ttot
(8) 

fv,eff =
min(nv,net,Rd : nv,tor,Rd)

ttot
(9) 

Damage is assumed to initiate when the maximum nominal stress 
ratio, as defined in Eq. 10, reaches a value of unity. 

max
{

σn

σ0
n
,
σs

σ0
s

}

= 1 (10) 

The Wu crack propagation criterion is defined to compute the 
equivalent fracture energy release rate [38]. In Abaqus, the criterion is 
implemented in terms of energy release rate as expressed in Eq. 11: 

f =
Gequiv

GequivC
=

(
GI

GIC

)am

+

(
GII

GIIC

)an

≥ 1 (11) 

where Gequiv is the equivalent strain energy release rate, which refer to 
the work done by the tension and its conjugate relative displacement in 
the normal and shear direction (GI and GII), respectively. GequivC is the 
equivalent strain energy release rate which refers to the critical fracture 
energies required to cause failure in the normal and the shear directions, 
(GIC and GIIC), respectively (see Fig. 5). f indicates the status of the crack- 
tip node, where fracture is expected to occur when this factor reaches a 
value of unity. The empirical parameters, am and an, are assumed equal 
to am = 0.5 and an = 1, according to [38].

The mechanical connections were modelled in a manner consistent 
with that described in Section 3.1.1. The definition of non-linear 
behavior of springs is not directly supported in ABAQUS interface, and 
it was therefore defined by modifying the input file.

3. Model validation

3.1. Description of the tested shearwalls used in the validation

The validation of the proposed models is undertaken by comparing 
the results obtained from numerical models mimicking the behaviour of 
the shearwalls, as described in Section 3, with those from six full-scale 
shearwalls with cut-out openings available in literature. The experi
mental results were obtained from shearwalls published in five different 
experimental campaigns (Casagrande et al. [10]; Dujic et al. [4]; Cec
cotti et al. [3]; Popovski et al. [5]; Mestar et al. [9]), and contained one 
(door) or two (door and window) openings.

Either three- or five-ply CLT panels were adopted for the shearwall 
specimens with a total panel thickness ranging between 85 and 100 mm. 
WHT620 Hold-downs [55] connected to the CLT panels with fifty-five 
4x60mm ring shanked nails were adopted in the three shearwalls 
tested by Casagrande et al. [10] and Mestar et al. [9]), whereas HTT22 
hold-down [56] connected to the panel with fourteen 4x60mm ring 
shanked nails was used in the shearwall tested by Ceccotti et al. [3]. 
ABR105 angle brackets [57] were used to connect to the CLT panel using 
ten 4x40mm ring shanked nails or 4.2x89mm spiral nails in the shear
walls tested by Duijic et al. [4] and Popovski et al. [5], respectively. 
AE116 angle brackets [57] with sixteen 4x60mm ring shanked nails 
were used to limit the sliding of the wall specimen tested by Ceccotti 
et al. [3], whereas blocking mechanism was adopted to fully prevent the 
sliding in the shearwalls tested by Mestar et al. [9] and Casagrande et al. 
[10].

The results, in terms of shearwall load-displacement curves, were 
used to compare with and validate the proposed numerical models, by 

Fig. 4. Continuous post-elastic model (CPEM).

Fig. 5. failure along normal (mode I) and shear (mode II) direction of the crack.
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using consistent input parameters, such mechanical properties of the 
CLT panels and load-displacement curves of the mechanical anchors. 
These values were obtained from component-level tests conducted in 
isolation, in order to incorporate more precise input parameters into the 
numerical model and to minimize the variability usually associated with 

failure in the wood material and mechanical anchors. The mechanical 
properties of the WHT620 and HTT22 hold-downs with the same 
number of nails as those adopted in the shearwall tests were obtained 
from Casagrande et al. [10] and Gavric et al. [2], respectively. The 
behaviour of the ABR105 angle brackets in shear and tension were 

Fig. 6. Geometry of the tested shearwalls, reproduced from the literature. Wall 01 and 04 from [10]. Wall 02 from [4]. Wall 03 from [3]. Wall 05 from [5]. Wall 06 
from [9].

Table 1 
CLT panel layup, mechanical anchors and failure mode of tested shearwalls used for the validation.

Wall Reference CLT panel layup Panel thickness ttot 

[mm]
Hold- 
down

Angle 
brackets

Vertical load q [kN/ 
m]

Load 
protocol

Failure 
mode

Wall 
01

Casagrande 
et al.[10]

3-ply(30v− 30 h− 30v) 90 WHT620 Blocking 
mechanism

- monotonic CLT

Wall 
02

Dujic 
et al.[4]

3-ply(30v− 34 h− 30v) 94 - ABR105 15 cyclic Angle 
bracket

Wall 
03

Ceccotti 
et al.[3]

5-ply 
(17v− 17 h− 17v− 17 h− 17v)

85 HTT22 AE116 18,5 cyclic Hold-down

Wall 
04

Casagrande 
et al.[10]

5-ply 
(20v− 20 h− 20v− 20 h− 20v)

100 WHT620 Blocking 
mechanism

- monotonic CLT

Wall 
05

Popovski et 
al.[5]

3-ply(30v− 34 h− 30v) 94 - ABR105 20 cyclic Angle 
bracket

Wall 
06

Mestar 
et al.[9]

5-ply 
(17v− 17 h− 17v− 17 h− 17v)

85 WHT620 Blocking 
mechanism

- monotonic CLT

Fig. 7. Beam test setup with aim to obtain bending a), and shear failure b).
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obtained from Dujic et al. [4] and Shen et al. [47], while the 
load-displacement curves for the AE116 angle brackets were obtained 
from [2]. The geometrical dimensions of the shearwalls and the layout of 
the mechanical anchors used to prevent sliding and rocking of the walls 
are presented in Fig. 6. The CLT panel layup, type of mechanical an
chors, magnitude of vertical load and the load protocol are reported in 
Table 1.

The mechanical properties of the CLT panels used to validate the 
model against the data from Wall 01 and Wall 04 (see Table 1) were 
obtained from experimental test results on CLT beams reported in 
Casagrande et al. [20], and they include modulus of elasticity as well as 
axial and in-plane shear strength of laminations. Similarly, the values of 
the modulus of elasticity of the CLT panels representing Wall 02 were 
obtained from experimental tests on small CLT panels reported in the 
study by Dujic et al. [4]. The same tests were also used for Wall 05, since 
the same CLT panel lay-up and manufacturer were used.

3.2. Experimental investigation of CLT beams

An experimental campaign was conducted as part of the current 
study to investigate CLT beams characterized by the same panel lay-up, 
wood species and manufacturer as those used in the full-scale shearwall 
tests of Wall 03 and Wall 06, as described in this section. This was 
motivated by the fact that no information was available on the me
chanical properties of the 5-ply 85 mm thick CLT panels used in these 

walls.
The experimental study was conducted on twelve CLT beam speci

mens consisting of the same layup, number of plies (5), width of lami
nations (78 mm), wood species (spruce) and grade of lamination (C24), 
and manufactured according to ETA-06/0138 [58], as those used in the 
full-scale shearwall tests reported in Ceccotti et al. [3] and Mestar et al. 
[9]. The values of axial and in-plane shear strength of the laminations 
obtained from these tests were also used to augment the reference values 
for the Wall 02 and Wall 05, since CLT panels from those studies were 
from the same manufacturer and composed of the same wood species 
and grade as the ones tested in the current study, and parameters for the 
CLT panel tests reported Dujic et al. [4] were only limited to the modulus 
of elasticity. The height of all beam specimens, h, was equal to 155 mm, 
while the configurations consisted of two different lengths, equal to 
2.0 m and 1.0 m, in order to promote bending and shear failure modes, 
respectively. Two different orientations of outer laminations were also 
selected, namely vertical and horizontal.

The test setup and boundary conditions for the beam tests are shown 
in Fig. 7. Each specimen was supported on steel rollers and loaded at the 

Table 2 
CLT beam specimens.

Beam 
ID

n. of 
test

Length 
[mm]

Orientation of outer 
laminations

th 

[mm]
tv 

[mm]

B_L_L 3 2000 Horizontal 51 34
B_V_L 3 2000 Vertical 34 51
B_L_S 3 1000 Horizontal 51 34
B_V_S 3 1000 Vertical 34 51

Fig. 8. CLT beam failure mode: a) bending, b) net shear, c) torsional shear.

Table 3 
Mechanical parameters for tested CLT beams.

ID Fmax [kN] E [MPa] nm,Rd [kN/m] nv,Rd [kN/m] fm [MPa] fv [MPa] ftor [MPa] mode of failure

B_L_L_001 25.8 10630 1329 - 39.1 - - bending
B_L_L_002 28.1 12775 1448 - 42.6 - - bending
B_L_L_003 21.2 10631 1091 - 32.1 - - bending
B_V_L_001 17.1 11981 1319 - 38.8 - - bending
B_V_L_002 25.2 14480 1948 - 57.3 - - bending
B_V_L_003 26.9 12980 2084 - 61.3 - - bending
B_L_S_001 103.4 - > 1601 500 > 47.1 > 14.7 6.5 torsional shear
B_L_S_002 87.4 - > 1353 423 > 39.8 > 12.4 5.5 torsional shear
B_L_S_003 87.3 - 1350 > 422 39.7 > 12.4 > 5.4 bending
B_V_S_001 67.7 - 1574 > 328 46.3 > 9.6 > 4.2 bending
B_V_S_002 66.1 - > 1537 320 > 45.2 9.4 > 4.1 net shear
B_V_S_003 84.0 - > 1948 406 > 57.3 11.9 > 5.2 net shear
Average - 12246 1520 412 44.7 10.7 6.0
CoV 12 % 22 % 18 % 22 % 17 % 12 %

Table 4 
CLT mechanical properties adopted in numerical models.

Wall E [MPa] G [MPa] nax,Rd [kN/m] nv,Rd [kN/m]

Wall 01 13411 
from[10]

690 
from[10]

1455 
from[10]

273 
from[10]

Wall 02 13158 
from[4]

730 
from[4]

1520 
from Table 3

412 
from Table 3

Wall 03 12246 
from Table 3

500 
from[58]

1520 
from Table 3

412 
from Table 3

Wall 04 13878 
from[10]

690 
from[10]

2008 
from[10]

440 
from[10]

Wall 05 13158 
from[4]

730 
from[4]

1520 
from Table 3

412 
from Table 3

Wall 06 12246 
from Table 3

500 
from[58]

1520 
from Table 3

412 
from Table 3
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one-third span points. The load was applied at a constant rate equal to 
0.1 mm/s, according to EN408 [53], and continued until specimen 
failure. Two LVDTs, one on each side of the beam, were used to measure 
the total vertical deflection at the mid-span, while two other LVDTs 
measured the local relative displacement between the centre of the 
beam and another point within the zero-shear zone. Table 2 summarizes 
the lengths of the beam specimens and total thickness of lamination 
along the horizontal th and vertical tv directions.

A bending failure mode was observed for all beams with length equal 
to 2.0 m. For the beams measuring 1.0 m in length and consisting of 
horizontal outer laminations, two specimens failed in torsional shear 
and one in bending. For beams with vertical laminations, two specimens 
failed in net shear and one in bending. Fig. 8 shows examples of the three 
failure modes that were observed in the CLT beams.

The local modulus of elasticity, E, of the laminations parallel to grain 
was determined from the beams with length equal to 2.0 m according to 
the formulation proposed in EN408 [53] without considering the shear 
deformation contribution, where the area moment of inertia, Ieff , is 
calculated according to Eq. 12. 

Ieff =
th • h3

12
(12) 

The bending strength per unit length, nm,Rd, can be calculated as 
expressed in Eq. 13, assuming full composite action between longitu
dinal laminations. The shear strength per unit length, nv,Rd is determined 
based on Eq. 14 assuming a parabolic distribution of shear stresses along 
the gross section. 

nm,Rd =
6
h2 •

Fmax • a
2

(13) 

nv,Rd =
3
2
•

Fmax

2 • h
(14) 

The bending strength, fm and net shear strength, fv are calculated 
based on Eqs. 15 to 16, respectively, taking into account only the 
contribution of horizontal layers, according to [62,63]. 

fm =
nm,Rd

th
=

3 • Fmax • a
th • h2 (15) 

fv =
nv,Rd

min(th; tv)
=

3 • Fmax

4 • min(th; tv) • h
(16) 

where Fmax is the maximum load obtained from testing, and a is the 
distance between load application point and support.

Flaig and Blaß (2013) presented a model to predict the torsional 
shear failure in CLT beams with horizontal outer lamination. This model 
was subsequently further developed by Danielsson and Serrano [64], 
Danielsson et al. [65], and Danielsson and Jeleč [66]. It should be noted 
however that this method cannot be directly implemented for all CLT 
beam lay-ups. The shear stresses between laminations, depend on where 
the horizontal layers are located in the beam. It is possible to adopt the 
analytical method presented by Danielsson and Serrano (2018) for 3-ply 
and 5-ply CLT beams with outer vertical laminations provided that, in 
the latter, the ratio between the thickness of the i-th vertical layer tv,i and 
the number of crossing areas nCA,i for the vertical layer under consid
eration is the same for all the three vertical layers. Since the beams 

Fig. 9. Load displacement curves on Hold-down subjected to vertical-tensile (a) and horizontal-shear forces (b) and on angle-brackets subjected to vertical-tensile (c) 
and horizontal-shear forces (d).
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tested in this study do not meet such conditions, the torsional shear 
strength, ftor, was determined based on Eq. 17, according to Andreolli 
et al. [48]. 

ftor =
3
4

Fmax

wb • h
(17) 

The output results from the beam testing and the failure modes are 
reported in Table 3. It is noteworthy to mention that in the calculation of 
the average values and the Coefficients of Variations (CoVs) of each 
mechanical parameter, only the values related to the corresponding 
failure mode were used. The value corresponding to the observed failure 
mode is reported to reflect the strength of the beam while values for 

Fig. 10. Comparison between numerical models and experimental tests. a) Wall 01; b) Wall 02; c) Wall 03; d) Wall 04; e) Wall 05; f) Wall 06.
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other parameters represent the maximum stress reached at failure.

3.3. Input parameters for the numerical models used for validation

The mechanical properties of the CLT panels used in the numerical 
models to validate the proposal against the six selected shearwalls with 
openings are reported in Table 4 in terms of modulus of elasticity par
allel to the grain E, shear modulus G as well as axial strength per unit 
length, nax,Rd, and shear strength per unit length, nv,Rd.

It is noteworthy to highlight that although variable 
nax,Rd represents the compressive or tensile forces strength capacity, 
the flexural strength capacity was used in the determination of strength 
capacity of the elements because the CLT elements are subjected pri
marily to bending. As a result, the tensile nax,t,Rd and compressive nax,c,Rd 

axial strengths of the laminations have been replaced with the bending 
strength, nax,m,Rd, in Eqs. 5 and 6.

Additionally, the numerical model where XFEM is used to predict the 
crack openings and propagation, the critical values of the energy release 
needed to describe the fracture criterion were selected to be equal to 
GIC= 176 N/m and GIIC= 734 N/m. This value is based on experimental 
evidence presented by Haller and Putzger [49], obtained by performing 
double cantilever beam fracture tests on spruce, and was also assumed 
by Kováčiková et al. [39] in their numerical investigation on C24-graded 
elements.

For parts other than lintels and parapet, the constitutive law is in
tegrated using the Hill yield anisotropic criterion which is able to ac
count for the possible compressive damage [50,51]. Based on the panel 
orientation, the reference resistance value for compression parallel to 
grain, fc,0 , was assumed and the corresponding anisotropic stress ratios 
(Rii with i = 1,2,3; j = 1,2,3) for the other principal directions of interest 
were calculated according to Eqs. 18 and 19. 

Rii =
σii

σ0 (18) 

Rij =
τij

σ0
/ ̅̅̅

3
√ (19) 

where σ11 = fc,0 , σ22 = σ33 = fc,90 and τ12 = τ13 = τ23 = fv are the 
measured yield stress value and σ0 = fc,0 is the reference yield stress 
specified for the plasticity definition.

In accordance with Jeleč at al. [52] and Brandner et al. [44], the 
values assumed for the compression parallel to the grain fc,0 and 
perpendicular to the grain fc,90 could be taken as fc,0 = fm and fc,90 =

3MPa.
The force-displacement curves of the mechanical anchors, adopted in 

numerical models and obtained from published experimental studies are 
reproduced in Fig. 9.

3.4. Comparison between numerical models and shearwall tests

The comparison between the proposed numerical models presented 
in Sections 3.1 and 3.2 and the six experimentally tested shearwalls is 
shown in Fig. 10 in terms of load-displacement curves. Additionally, a 
comparison in terms of wall stiffness k (calculated according to pro
cedure reported in EN12512 [54]), maximum forces Fmax, and failure 
mode is reported in Table 5, which also includes the percentage differ
ence ε for the stiffness and maximum force. It is noteworthy to mention 
that for the shearwalls tested by Ceccotti et al. [3], Dujic et al. [4] and 
Popovski et al. [5], where a cyclic load protocol was adopted, the 
comparison was conducted in relation to the backbone curve of the first 
quadrant. In Fig. 11, the deformed shape of Wall 01 corresponding to a 
value of displacement equal to 25 mm is shown for both the proposed 
models.

The results show that the prediction of the models is reasonable, and 
it can be noted that the numerical models were able to not only correctly 
predict the elastic behaviour of the shearwalls but also reasonably es
timate the inelastic behaviour after the yielding of the mechanical an
chors or crack openings in the CLT panels. For all six shearwalls, the 
models were also able to appropriately predict the failure mode 

Table 5 
Comparison between numerical model and experimental tests.

k [kN/mm] Fmax [kN] mode of failure

ID test CPEM εCPEM PHM εPHM test CPEM εCPEM PHM εPHM test CPEM PHM

Wall 01 10.2 9.8 − 4.4 % 8.7 − 14.6 % 178.6 193.2 8.2 % 173.8 − 2.7 % CLT bending CLT bending CLT bending
Wall 02 3.4 2.3 − 30.6 % 2.7 − 19.1 % 64.5 52.9 − 17.9 % 54.1 − 16.2 % anchor anchor anchor
Wall 03 3.1 2.4 − 21.3 % 2.5 − 19.4 % 100.6 92.9 − 7.6 % 91.4 − 9.2 % anchor anchor anchor
Wall 04 5.5 5.6 3.4 % 5.4 − 0.5 % 108.7 118.4 8.9 % 105.2 − 3.2 % CLT bending CLT bending CLT bending
Wall 05 7.0 4.7 − 33.2 % 6.4 − 8.9 % 158.6 140.8 − 11.3 % 139.9 − 11.8 % anchor anchor anchor
Wall 06 1.9 2.0 2.5 % 1.9 − 4.6 % 68.4 85.3 24.7 % 81.4 18.9 % CLT bending CLT bending CLT bending

Fig. 11. Numerical models for Wall 01: a) PHM and b) CPEM.
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observed in the tests (see Table 5).
An exception to this general fit is the results obtained from the 

comparison between the proposed models and the shearwall tested by 
Mestar et al. [9]. In this example, the numerical models were able to 
accurately predict the stiffness and ultimate displacement but not the 
maximum force. Such discrepancy in terms of maximum force can be 
attributed to the high variability associated with the strength of CLT 
panels also observed in CLT beam tests. To illustrate this hypothesis, the 
average values obtained from the beam tests were replaced in the nu
merical model with the maximum and minimum bending strength 
values obtained from beam tests, as shown in Fig. 12 (a-b). The figure 
clearly demonstrates the sensitivity of the model to the strength of the 
CLT panel, where the model with the maximum or average strength 
values was not capable of accurately predict the behaviour post crack 
opening of the shearwall tested by Mestar et al. [9]. Further numerical 
analyses were carried out by fixing the average value of bending 
strength and varying the shear strength between the maximum and 
minimum values per unit length obtained from beam tests, as shown in 
Fig. 12 (c-d). In both numerical models, the difference between the 
obtained curves is negligible. This panel seems to have a relatively low 
strength and this particularity was captured by the model when the 

minimum strength obtained from beam tests was used. Selecting the 
minimum strength caused the lintel to fail earlier and provided a 
behaviour that was consistent with that observed in the test, whereas 
selecting the maximum strength resulted in an ultimate failure in the 
hold-down, which was inconsistent with the experimental observations, 
as shown in Fig. 12. This observation presents an important question 
regarding model inputs, which is raised here but further investigation of 
this issues was deemed to be beyond the scope of the current paper.

In general, relatively small differences can be observed between the 
two proposed models in terms of general behaviour trends, with the 
exception of Wall 06, for a similar reason provided regarding strength 
input for the CLT panel which affects the models’ abilities to predict the 
behaviour of the wall post crack opening.

4. Comparison between the proposed numerical models and 
models with elastic behaviour of CLT panels

In order to highlight the differences and potential benefits obtained 
by adopting numerical models capable of considering the non-linear 
behaviour of the CLT panel, a comparison between the two proposed 
procedures and a model assuming linear-elastic behaviour of CLT panels 

Fig. 12. Comparison between experimental test on Wall 06 and numerical model: a) PHM and b) CPEM with maximum and minimum values of bending strength for 
CLT beam; c) PHM and b) CPEM with maximum and minimum value of shear strength for unit length.
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is undertaken.
For both models (PHM and CPEM), the geometrical dimensions, the 

distribution of horizontal loads along the height of the shearwall as well 
as the layout of mechanical anchors are reported in Fig. 13. CLT panels 

consisting of 3-ply 90 mm thick boards (30v-30 h-30v) were selected. A 
vertical load equal to 15 kN/m was applied at each storey. The me
chanical properties of Wall 01, reported in Table 4, were adopted for the 
CLT laminations. The shear walls are anchored using ABR105 angle 
brackets spaced at 300 mm and WHT620 hold-downs placed at each end 
of wall segments. The angle brackets are connected to the CLT panel 
using ten 4,2x89mm spiral nails and the hold-downs are attached to the 
panels using fifty-five 4x60mm ring shanked nails. The same mechanical 
behaviours of the anchors, as those depicted in Fig. 9, were used. It is 
noteworthy to mention that the interaction between shear-walls and 
floor diaphragms was not considered in the model and is outside the 
scope of this study.

The comparisons were performed in terms of force-displacement 
curves, as shown in Fig. 14, stiffness k, maximum base shear Vmax, and 
ultimate displacement, δu, at the top of the shearwalls, as reported in 
Tables 6 and 7.

From the comparison carried out with the PHM model (Table 6), it 
can be observed that the discrepancy between the proposed models and 
the model with an elastic behaviour of CLT panels is not significant in 
terms of stiffness and maximum base shear (maximum of 10 % differ
ence). A greater difference is observed, however, in terms of post peak 
behaviour, represented by the 111 % difference in terms of ultimate 
displacement. The elastic model is clearly not capable of predicting the 
mechanical behaviour of the shearwall after the crack opening, and the 
load-displacement curve was thus terminated much earlier than the 

Fig. 13. The two storey shearwall analysed for the comparison (dimensions 
in mm).

Fig. 14. Base shear-displacement curves obtained from elastic, PHM and 
CPEM model.

Table 6 
Comparison in terms of stiffness, maximum base shear and ultimate displacement between the elastic and the model with plastic hinges.

k [kN/mm] Vmax [kN] δu [mm] Ultimate condition

Elastic PHM εPHM Elastic PHM εPHM Elastic PHM εPHM Elastic PHM

3,2 2,9 − 8,5 % 181,7 199,5 10,0 % 57,0 120,4 111,2 % CLT panel Hold-down

Table 7 
Comparison in terms of stiffness, maximum base shear and ultimate displacement between the elastic and the CPEM model.

k [kN/mm] Vmax [kN] δu [mm] Ultimate condition

Elastic CPEM εCPEM Elastic CPEM εCPEM Elastic CPEM εCPEM Elastic CPEM

3,2 2,8 − 12,5 % 181,7 183,8 1,2 % 57,0 119,9 110,4 % CLT panel Hold-down

Fig. 15. Zones where the in-plane axial strength were attained in the PHM 
elastic model.
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value of displacement obtained from the proposed models. A correct 
prediction of ultimate displacement is essential, especially in seismic 
analyses where the deformation capacity of structural systems needs to 
be determined.

Fig. 15 shows the zones where the in-plane axial strength was 
attained in the elastic model, corresponding to the bending failure 
condition of lintels in the CLT panels and to a displacement at the top of 
the second storey equal to 57 mm. The failure condition in the elastic 
model was determined by means of a step-by-step verification of the 
internal forces in all shell elements to confirm occurrence of possible 
failure. No yielding in the connections was detected at this level of 
displacement. From the comparison between the CPEM and model with 
an elastic behaviour of CLT panels, it can be observed that the absolute 
discrepancy in terms of elastic stiffness (12,5 %) and maximum base 
shear (1,2 %) is relatively insignificant, as reported in Table 7. As for the 
PHM model, a significant difference is conversely observed in terms of 
ultimate displacement (110 %).

Fig. 16 shows the activation of different plastic hinges in the wall for 
the PHM model, due to the attainment of axial strength capacity, and the 
propagation of cracks in the lintel beams in both storeys for different 
values of top shearwall displacement. It can be observed that cracks 
initiate at the bottom corners of lintel beams at the second storey 
(Fig. 16a) and propagate to the top corners of the same lintels (Fig. 16b). 
Increasing the shearwall lateral displacement results in crack openings 
at the lintel beams of the first storey, whereas at the second storey lintel 
beams are only connected to the wall segments by a truss element 
(Fig. 16c). The failure condition, shown in Fig. 16d, refers to reaching 
the ultimate displacement in the hold-down at the first storey. Fig. 17
shows the failure condition in the CPEM model.

This investigation highlights the important contribution of lintel 

Fig. 16. Evolution of crack opening at a) 40 mm (I), b) 60 mm (II), c) 80 mm (III), d) 120 mm (IV) displacement.

Fig. 17. Crack opening in CPEM model at a120mm of displacement.
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beams, and shows that when a flexural crack forms at the interface be
tween the lintel beam and the wall, the crack does not necessarily cause 
ultimate failure to occur but rather a redistribution of stresses in the 
lintel beam, which maintains some degree of coupling between the 
vertical wall segments. The coupling mechanism is not present to the 
same degree when shear failure occurs due to the significant strength 
degradation in the lintel and diminishment of continuity between the 
elements. Also, the number of layers (e.g. 3- and 5-ply), and possibly 
their orientation, may be a parameter of importance to be considered in 
the analysis of the redistribution of stresses in the lintel beams. This 
observation raises an important issue that should be the subject of 
further investigations. These findings could have significant implica
tions on the way CLT shearwalls with openings are analyzed and 
designed. It suggests that by considering the initial crack opening to be 
representative of the ultimate failure of the wall, and employing linear 
elastic modeling assumptions to predict such failure, may be excessively 
conservative. A consideration of the stress redistribution near crack 
openings and the subsequent inelastic behaviour should be taken into 
account in the analysis in order to capture the actual inelastic behaviour 
of the CLT shearwall.

5. Conclusions

In this paper, two proposals for the numerical prediction of the 
mechanical behaviour of CLT shearwalls with cut openings capable of 
considering the non-linear behaviour of CLT panels beyond crack 
opening, are presented. The proposed numerical models were validated 
using experimental results obtained from six full-scale shearwalls in the 
literature. A comparison between the two models revealed relatively 
small differences in terms of general behaviour trends. The results of the 
comparison with the experimental results showed the ability of the 
models not only to predict the elastic behaviour of the shearwalls but 
also the inelastic behaviour after the yielding of the mechanical anchors 
or crack openings in the CLT panels. The analyses showed a high 
sensitivity of the models to the strength of the CLT panel.

The impact and advantages of accurately predicting the non-linear 
behaviour of the CLT panels were investigated and demonstrated 
through a numerical analysis of a case-study representing multi-storey 
shearwall with multiple openings. A comparison between the pro
posed procedure and a model assuming linear-elastic behaviour of CLT 
panels showed inability of the elastic model to predict the mechanical 
behaviour of shearwalls after the crack opening. The findings demon
strated that employing linear elastic modeling assumptions to predict 
the behaviour of CLT shearwalls with openings may not be adequate. It 
is therefore suggested that a recognition of the stress redistribution near 
crack openings and subsequent inelastic behaviour should be considered 
in the analysis in order to capture the inelastic behaviour in the CLT 
shearwall.
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