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A B S T R A C T   

This paper presents the results of an experimental campaign investigating the seismic behaviour of full-size cross 
laminated timber (CLT) wall systems with sound-insulated shear-tension angle brackets. The main aim of the 
study was to investigate the influence of more and less flexible soundproofing bedding under the CLT wall. The 
paper shows a comparison of lateral load-bearing capacity, displacement capacity, ductility and stiffness ob-
tained from racking tests on uninsulated specimens and specimens with various types of bedding insulation and 
levels of vertical load. Moreover, an analytical procedure to estimate the lateral load-displacement response of 
CLT walls with bedding insulation is proposed. This model is verified by direct comparison to the experimentally 
determined lateral load-displacement backbone curves. The results show that the elastomeric bedding does not 
have a significant effect on the bearing capacity of the wall system tested, but it reduces the stiffness and in-
creases the displacement capacity. Due to the large decrease in stiffness, the insulation causes an overall 
reduction in ductility. The analytical estimation proposed was able to capture the reduction in lateral stiffness 
and adequately predict the load-bearing capacity.   

1. Introduction 

As a result of the development of cross laminated timber (CLT), in 
recent years several high-rise and complex buildings have been con-
structed with load-bearing elements made of wood [1–3]. Since CLT 
structures offer many advantages, such as sustainability, energy effi-
ciency, and rapid construction, they are also becoming more common in 
regions prone to earthquakes [4,5]. Ductile connections play a crucial 
role in achieving earthquake-resistant CLT structures by ensuring the 
deformation capacity and energy dissipation of the structural system. 
Besides the load bearing capacity and ductility, information on the 
connection stiffness is equally important to obtain realistic modal vi-
bration periods of buildings for seismic design [6]. 

Sound insulation, and protection against unpleasant vibrations under 
service loads, are, due to the light weight of multi-story timber struc-
tures, also challenging aspects of design [7]. One of the ways to reduce 
disturbing sound transmission over flanking components is to use special 
elastic acoustic layers between the CLT wall and CLT floor panels [8]. 
The design of an appropriate elastic layer depends on the static loads to 
which the structural elements in the building and the insulation layer 
will be subjected, as well as their dynamic parameters, in order to 

achieve good acoustic performance. Additionally, to prevent acoustic 
bridges via connectors, special sound-insulated steel angle brackets have 
recently been developed, in which the rigid parts are elastically sepa-
rated from one another in order to prevent the transmission of sound [9, 
10]. In contrast to traditional CLT connectors (hold-downs and angle 
brackets, e.g. Refs. [11,12]), the sound-insulated angle bracket solution 
achieves comparable tensile (up-lift) and shear strength by using addi-
tional inclined fully threaded screws [9]. This principle has also been 
adopted by other manufacturers of CLT connectors (e.g. Refs. [13,14]). 
Consequently, when the CLT wall panel is loaded laterally, such con-
nections are subjected to both shear and tension/compression loading. 
In previous studies, it has been found that the coupling effect in CLT 
connections should not be neglected in numerical models for design 
[15–17], so the connections should therefore be tested for bi-axial 
loading. In addition to the bi-axial testing of individual connections, 
an even more appropriate method for simulating combined loading is 
the cyclic testing of CLT wall systems, which can be used to investigate 
the kinematic behaviour of single or multiple wall systems. In order to 
further understanding of the behaviour of the bedding insulation and the 
insulated angle bracket connector developed with respect to the 
response of the CLT structural system under seismic loading, the racking 
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tests presented in this paper were performed on full-scale CLT wall 
specimens following preceding cyclic tests on a single angle bracket [9]. 

The racking CLT wall experiments are performed to better under-
stand the mechanical behaviour of CLT wall panels under in-plane 
lateral loading, and can also serve as a basis for determining numeri-
cal models or analytical equations that can be used to predict the lateral 
response of CLT structures (e.g. caused by wind or seismic actions). In 
recent years, based on racking experiments, Gavrić et al. [18] have 
developed advanced analytical models for nonlinear pushover analysis 
of CLT wall systems, which take into account all the stiffness and 
strength components of the connections, as well as the bending and 
shear deformation of the panels. A parametric study of CLT wall systems 
carried out to compare the influence of different wall aspect ratios and 
segmentation on the response, showed that the segmentation of CLT 
walls reduces their stiffness and strength, but significantly improves 
their deformation capacity. In Refs. [19–22], suitable equations were 
presented to describe the elastic and elastoplastic behaviour of a 
single-story CLT shear wall and CLT walls arranged in series (multi--
panel CLT shear walls). The proposed models can be used to determine 
the internal distribution of forces on panels and connections, as well as 
the elastic or elastoplastic force-displacement curves for the various 
possible kinematic cases (Coupled-Panel and Single-Wall kinematic be-
haviours). Elastoplastic analytical methods for multi-panel CLT shear 
walls were investigated by sensitivity analysis to consider the effect of 
the contribution from the biaxial behaviour of the angle brackets and 
hold-downs [22]. The results of the sensitivity analysis showed that, by 
accounting for the biaxial behaviour of the connections, more panels 
maintained contact with the ground, leading to lower displacement and 
rotation. Several other investigations have been carried out based on 
CLT shear wall experiments with the aim of improving numerical 
modelling approaches (e.g. Refs. [23–31]) and the design of CLT 
buildings (e.g. Refs. [32–36]). Additionally, in Ref. [37], the influence of 
timber perpendicular-to-the-grain compression properties on the overall 
seismic behaviour of CLT walls was investigated by means of numerical 
analyses, and a general analytical model was proposed to schematize the 
wall-to-slab and wall-to-foundation connections. It was found that the 
inclusion of timber compressed parallel-to-the-grain did not signifi-
cantly influence the initial elastic stiffness of the CLT structure (before 
uplifting of the vertical panels), but when seismic action increased the 
stiffness decreased significantly, breaking down the maximal base shear 
force. 

The research presented had two main objectives; firstly, to experi-
mentally evaluate the structural performance of a CLT wall system with 
soundproofing details (soundproofing bedding and insulated angle 
brackets), since, to the authors’ knowledge, no studies on the seismic 
performance of CLT panels with soundproofing layers have been pub-
lished to date, other than the two tests conducted by Hummel et al. [38]; 
and secondly, to propose an addition to the existing analytical equations 
representing the CLT shear wall response, by including the contribution 
made by the deformable bedding insulation. In contrast to the study by 
Hummel et al. [38], which included tests on CLT walls connected with 
hold-downs and angle brackets, the present work used novel (insulated) 
angle brackets, which serve to prevent both shear sliding and uplift. In 
Ref. [38], a comparison of results between the CLT wall systems with 
and without bedding insulation revealed that the initial shear stiffness 
was about 60% lower in the insulated system compared to its uninsu-
lated counterpart. 

In this paper, the influence of the soundproofing details on the in- 
plane shear behaviour was investigated by conducting racking experi-
ments on single-panel CLT walls. The influence of three different factors 
was analysed in this study: the type of soundproofing bedding below the 
CLT panel (differing in stiffness and static load limit), the level of ver-
tical compression loads (varying from 10 to 100 kN/m), and the position 
of the insulated angle bracket (with respect to its distance from the edge 
of the panel). The experimental results were evaluated and compared to 
the analytical results obtained from the proposed analytical model, 

which was upgraded in relation to previous studies to include the 
contribution of the bedding insulation. 

2. Materials and methods 

2.1. Test specimens and materials 

The specimens were constructed from a 2490/2490/100 mm 3-layer 
(30-40-30 mm) CLT wall panel connected to a 3150/500/140 mm 5- 
layer (40-20-20-20-40 mm) CLT slab by two 100 × 100 × 3 mm steel 
angle brackets with additional 14 mm thick metal plates over the hori-
zontal legs [9]. CLT without narrow edge bonding was used, with a 
board strength of class C24 (ETA 14–0349 [39]), an average density of 
467 kg/m3 and a moisture content of 10.4%–12.8%, as measured during 
testing. The aim of the experimental program was to obtain results 
regarding the cyclic behaviour of the insulated angle brackets for use in 
CLT walls. The outer laminations were therefore arranged orthogonally 
to the CLT slab, which is the most common orientation in CLT walls. The 
angle brackets were placed on one side of the wall panel only (Fig. 1). 
They were fastened to the wall panel with 8 fully threaded 8 × 80 mm 
screws (ETA 11–0284 [40]), and to the slab with 10 fully threaded 8 ×
160 mm screws (ETA 11–0284 [40]) - 4 installed vertically in the middle 
section of the steel plate, and 3 on each side at an angle of 45◦ in order to 
achieve a higher withdrawal capacity. The type and configuration of the 
screws were determined by the angle bracket manufacturer, with the 
capacity design principle not explicitly considered. It has already been 
shown that different failure mechanisms occur under tensile loading in 
such angle bracket connections (withdrawal of the screws from the floor 
panel, embedment of the screws in the wall panel, etc.) [9]. For actual 
use in seismic regions, the capacity design principle should be applied 
such that the failure mechanism in the predefined part of the connection 
is more controlled. 

To investigate the influence of the bedding insulation on the lateral 
response, two different groups (four types) of insulation material were 
placed under the walls, according to the level of vertical load applied; 
moderately flexible insulation (labelled SR55 and NB) for low level 
vertical loads (10 kN/m), and stiffer insulation (labelled SR1200 and 
NF) for higher levels of vertical load (50 kN/m) [41]. The two different 
groups of insulation sheet differed in cellular structure (mixed vs. 
closed-cell polyurethane structure) and consequently, according to the 
manufacturer, in their nonlinear behaviour under cyclic loading. Despite 
each having a different influence on sound insulation (mixed-cell elas-
tomers are characterised by highly elastic behaviour, while closed-cell 
elastomers offer better sound damping), similar mechanical behaviour 
was expected under static and low-cycle dynamic loading. The type of 
insulation placed under the wall was determined based on its effec-
tiveness in terms of preventing sound transmission, as a function of the 
static compressive stresses to which the wall and insulation layer would 
be subjected. For the insulated walls, a 12.5 mm layer of bedding 
insulation was laid under the wall (Fig. 1). The angle brackets, on the 
other hand, were always insulated with the same sound insulation 
(moderately flexible, closed-cell polyurethane, labelled NC), which was 
placed in two layers (one under the flange and one between the flange 
and the metal plate) to a total thickness of 12.5 mm (Fig. 1). The distance 
of the angle brackets from the edge of the walls (be) was 150 mm for the 
first series of tests. As, following the tests, the CLT panels were only 
damaged locally, at the location of the connections, the same CLT panels 
were then further used for the second set of tests with a be equal to 400 
mm. 

2.2. Testing program 

The testing program (Table 1) consisted of 11 shear tests varying in 
terms of the presence and type of insulation (stiff or flexible), in the 
application of vertical load, and in the distance of the angle brackets 
from the edges of the CLT wall. To determine the amplitude 
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displacements of the loading cycles, a preliminary monotonic test was 
conducted on an uninsulated wall, using the same test setup as the cyclic 
tests (presented in Fig. 1). 

The tests’ boundary conditions were designed to represent a real case 
scenario equivalent to an actual CLT building; vertical load was applied 
to the wall by two hydraulic actuators at levels of 10, 50 and 100 kN/m 
and was kept constant during the test. The load was applied to the top of 
the wall panel through a steel box beam, enabling uniform distribution 
of the lateral and vertical loads. Out-of-plane displacements of the 
specimens were restrained by steel angle brackets positioned at the top 
of the wall panel, while movement of the steel box beam was also 
laterally restrained by a steel element with a PTFE layer in order to 
eliminate friction (Fig. 1). 

Horizontal loading was applied using a servo-hydraulic actuator with 
a capacity of 250 kN and controlled through lateral displacement at the 
top of the panel. A loading rate of 0.5 mm/s was applied in all tests 
except W-NB/15-C/2, since a very slow loading rate (0.02–0.2 mm/s) is 
defined in EN 12512. This is in accordance with the standard for testing 
timber connections ISO 16670:2003 [42], where a loading rate range of 
0.1–10 mm/s is prescribed. The amplitude of the loading protocol 
adopted in all cyclic tests was based on the results of the yield 
displacement capacity, as obtained from monotonic tests on an unin-
sulated wall specimen. The loading was induced in cycles by subse-
quently increasing the displacement amplitude from the initial position 
in both directions. The increase in displacement amplitude was deter-
mined according to EN 12512 [43] as a definite part of yield displace-
ment dy. After the first two cycles of increasing the displacement 
amplitude the loading protocol consisted of three cycles at each 
displacement amplitude in order to obtain the strength and stiffness 
degradation [43]. 

The vertical force induced by two actuators was measured with two 
load cells placed below the actuators (on top of the steel beam), and was 
kept constant during the test, simultaneously controlled by the load 
cells. The test was displacement controlled by inducing lateral 

displacement at the top and centre point of the CLT wall panel, as 
measured by a 200-mm linear variable displacement transformer 
(LVDT). The relative horizontal displacement at the bottom (between 
the wall and the floor panel) was measured by a 100-mm LVDT posi-
tioned at the centre of the panel. The relative vertical displacements 
were measured by 100-mm LVDTs at each end of the CLT wall panel. 
Additionally, the displacements were measured at 16 discrete points 
using a professional digital image correlation system. The points of 
measurement were positioned on the CLT wall, the CLT slab, the angle 
brackets and on the steel beam through which the loading was induced. 

2.3. Input data for the analytical estimation 

Three basic material components were considered in the mechanics- 
based analytical prediction model proposed in this study: (i) CLT, (ii) 
sound-insulated angle brackets, and (iii) soundproofing bedding. As 
shown in Fig. 1, the CLT wall has overall dimensions of b x h x a and is 
subjected to a horizontal force, H, and a uniformly distributed vertical 
load, q. Since the damage to CLT panels under shear loading is 
concentrated in the connections, it was assumed that the CLT wall ele-
ments behave elastically. The in-plane shear stiffness of the panel was 
calculated considering the shear modulus of the CLT panel defined in 
Ref. [39] i.e. the shear modulus of CLT Geff was assumed to be 0.46 GPa. 
Alternatively, in-plane shear stiffness could be calculated considering 
the shear modulus of the structural timber used for individual lamina-
tions (class C24 in the present study) and the gross cross section of the 
CLT with a shear correction factor, as defined in previous studies [44, 
45]. Only vertical laminations were considered for the elastic bending 
stiffness of the CLT wall, with an assumed elastic modulus of 12 GPa 
[39]. In the compression zone of the CLT slab, the elastoplastic behav-
iour of CLT was assumed using an elastic modulus perpendicular to the 
fibre (E90,mean) of 0.37 GPa [39], compressive strength perpendicular to 
the fibre (fc,90) of 3.0 MPa (according to Ref. [46]), the factor kc,90 equal 
to 2.0 (considering the load configuration and the degree of compressive 

Fig. 1. a. Test setup with basic denotations, and b. description of the angle bracket connection used for all test specimens.  

Table 1 
Racking tests conducted on CLT walls, varying in terms of insulation type, the distance of angle brackets from the edge of the wall, and the level of vertical load.  

Test Type Vertical load [kN/m] Loading rate [mm/s] Edge distance be [mm] Soundproofing bedding 

W-Unin/15-M/1 Monotonic 10 0.5 150 none 
W-Unin/15-C/1 Cyclic 10 0.5 150 none 
W-Unin/15-C/2 Cyclic 100 0.5 150 none 
W-SR55/15-C/1 Cyclic 10 0.5 150 SR55 (Flex.Ins.) 
W-NB/15-C/1 Cyclic 10 0.5 150 NB (Flex.Ins.) 
W-SR1200/15-C/1 Cyclic 50 0.5 150 SR1200 (Stiff.Ins.) 
W–NF/15-C/1 Cyclic 50 0.5 150 NF (Stiff.Ins.) 
W-NB/15-C/2 Cyclic 50 5.0 150 NB (Flex.Ins.) 
W-Unin/40-C/1 Cyclic 10 0.5 400 none 
W-SR1200/40-C/1 Cyclic 50 0.5 400 SR1200 (Stiff.Ins.) 
W-SR55/40-C/1 Cyclic 10 0.5 400 SR55 (Flex.Ins.)  

B. Azinović et al.                                                                                                                                                                                                                                



Journal of Building Engineering 43 (2021) 103183

4

deformation), and an elastic limit strain (ε90,el) of 0.75%, as proposed in 
Ref. [37]. 

The actual cyclic response of the innovative sound insulated angle 
bracket connections was investigated in a previous study, where 
detailed information and results can be found [9]. For the analytical 
approach presented in this study, their mechanical behaviour is 
described by tri-linear force-displacement relationships in both the 
shear and tensile directions (Table 2). The points in the tri-linear rela-
tionship, defined as the mean values from multiple tests on the inno-
vative connections, and from the mean backbone curve derived from 
positive and negative directions of loading, are summarised in Table 2. 
The elastic response is represented by the elastic stiffness (kcon,el), which 
is calculated as secant stiffness between 10% and 40% of the 
load-bearing capacity of the connection (Fcon,max). When the force ex-
ceeds 40% ⋅Fcon,max, a reduced stiffness kcon,pl,1 is applied, which is 
calculated as the secant stiffness between 40% and 90% Fcon,max. The 
descending branch of the trilinear relationship, from Fcon,max until the 
ultimate displacement of the connections (ucon,u), is described by the 
equation kcon,pl,2 = 0.5⋅kcon,pl,1. This tri-linear approximation provides a 
simple but relatively accurate description of the connections in terms of 
the accuracy of results from the analytical model regarding the behav-
iour of CLT shear walls. 

To investigate the influence of the insulation, tests were carried out 
on walls containing two groups of bedding insulation, differing in elastic 
properties and static load limit: (i) a stiffer insulation with a static load 
limit of up to 1.5 MPa (NF and SR1200, referred to as “Stiff.ins.”, used in 
structures for higher static loading) and (ii) a moderately flexible type of 
insulation with a static load limit of about 0.05 MPa (NB and SR55, 
referred to as “Flex.ins.”, used for lower static loading, e.g. in the upper 
floors of structures). 

Fig. 2 shows compressive deformation under static loading in the 
12.5 mm thick insulation, considering a shape factor of 3.0 for strip 
bedding (a geometric measure of the shape of the bedding, defined as the 
ratio of the loaded area to the area of the sum of the perimeter surfaces 
[41]). The Flex.ins. bedding is strongly inelastic under compressive 
stress (<3 MPa), while the Stiff.ins. primarily stays in an elastic state. 
The corresponding deformation reaches up to 80% of the initial thick-
ness (12.5 mm) in the Flex.ins., compared to up to 25% of the initial 
thickness in the Stiff.ins. In non-seismic areas, the design requires only 
the elastic diagram, since the bedding insulation is primarily com-
pressed by the presumed static vertical load in a uniform fashion, so 
there is little possibility for higher stresses (e.g. due to a rocking 
mechanism). In order to calculate the rotation of the wall due to lateral 
seismic loads and the consequent unequal vertical displacements of the 
bedding insulation, full stress-strain diagrams of the bedding insulation 
are required (Fig. 2). The present study considers the exact compressive 
displacements of the insulation (from diagrams), corresponding to 
compressive stress at the wall corner, evaluated at discrete critical points 
of the analytical lateral load-displacement curves. 

Additionally, the shear deformation of the bedding insulation also 
proved to have an effect on the total displacement at the top of the wall. 
A linear elastic response was considered in the shear direction, with the 

shear modulus of the insulation (Gins) being about 30% of its elastic 
modulus (in compression) for Flex.ins., and 10% for Stiff.ins. 

3. Description of the analytical estimation model 

Besides its geometrical characteristics and vertical load, the kine-
matic behaviour of CLT wall systems under lateral loads mainly depends 
on the anchoring connections (e.g. angle brackets or hold-downs), and, 
in multi-panel shear walls, the vertical joints screwed between adjacent 
CLT wall elements (not investigated in this paper). The total top 
displacement (δ) of a single CLT wall element can be derived as the sum 
of the following components [Eq. (1)]: rocking (δr), sliding (δsl), shear 
deformation of CLT (δsh) and bending deformation of CLT (δb) [18]. In 
the case of CLT walls, the lateral deformation of walls due to a 
deformable foundation could also be considered as part of the rocking 
displacement δr. In the present study, however, the contributions of the 
deformable bedding insulation (δins) and the CLT slab (δcom) are added 
separately to the total displacement δ, since this way the contribution of 
the insulation itself, its stiffness, and the contribution of the CLT slab are 
more straightforward. Furthermore, the contribution δins also includes 
the shear deformation of the bedding insulation. It should be noted that 
in actual multi-storey platform-type CLT structures other contributions 
to the total top displacement are present, such as the top rotation of the 
CLT wall in the storey below. 

δ= δr + δsl + δsh + δb + δcom + δins (1) 

The equations used in this paper for the kinematic behaviour of the 
CLT wall are similar to those used in the studies by Gavrić et al. [18] and 
Casagrande et al. [19]. The principle of the multi-linear curve in the 

Table 2 
Assumed points of the tri-linear force-displacement curve with respect to the 
shear and tensile behaviour of the connections, based on average test results [9].   

Shear Tensile Force-displacement diagram 

kcon,el [kN/mm] 4.18 4.07 
kcon,pl,1 [kN/mm] 2.13 2.47 
Fcon,el [kN] 31.8 21.5 
Fcon,max [kN] 79.6 53.8 
ucon,max [mm] 28.8 18.0 
ucon,u [mm] 43.1 27.3  

Fig. 2. Compressive displacement of the 12.5 mm thick bedding insulation 
under static load for Flex.ins. and Stiff.ins [41]. 

Fig. 3. General definition of the multi-linear diagram for the shear response of 
CLT walls. 
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general inelastic diagram of the CLT shear wall response (Fig. 3), and the 
bi-axial behaviour of the mechanical anchors were considered, as by 
Masroor et al. [22], while the concept of including the (in)elastic 
compressive deformation of the CLT slab is similar to that considered by 
Sandoli et al. [37], which was further adapted to include the (in)elastic 
compressive deformation of the insulation. In the general multi-linear 
response diagram shown in Fig. 3, the point P0 represents the stage 
when the compressive deformation at the uplift side of the CLT panel 
reaches zero, P1 the stage when the rocking mechanism is activated, P2 is 
achieved when the first critical connection starts to yield, Pmax when the 
bi-linear criterion for the maximum strength of the critical connection is 
satisfied (the state of other angle brackets is checked and their stiffness 
adapted accordingly), and Pu when the bi-linear criterion for the 
maximum displacement of the critical connection is reached. 

3.1. Rocking behaviour 

In the case of single wall behaviour (Fig. 4), the lateral deformation 
on top of the wall due to rocking (δr) is derived from the moment 
equilibrium at the point of rotation (PoR): 

δr =

(

H⋅h −
q⋅b2(2β− 1)

2

)

h
∑

kcon,y,i⋅x2
i

(2)  

where H is the total lateral force at the top of the CLT wall (depending on 
the stage; H0, H1, H2, Hmax), h is the height of the CLT wall, b is the width 
of the CLT wall, q is the uniformly distributed vertical load, kcon,y,i is the 
stiffness of each connection in the tensile direction (depending on the 
internal forces in the connection and their inelastic diagram, kcon,el, kcon, 

pl,1 or kcon,pl,2, xi are the distances from the PoR to the centre of 
connection), and β is the influence of the compression zone. 

Previous experimental investigations of CLT shear walls (e.g., Refs. 
[22,35]) have shown that the PoR of the wall is not located at the corner 
of the panel. This is due to the compressive deformation in the CLT slab 
or in the CLT wall (in the case of a stiff foundation), which causes a 
compressive zone. When the compressive zone is highly deformed, the 
PoR moves further towards the centre of the panel, meaning the distance 
to the connection on the uplift side (xi) is reduced. This effect is incor-
porated in the proposed model by assuming a reduced panel length 
equal to β⋅b. The influence of the bedding insulation on the PoR and 
rocking behaviour was considered separately in this study and is 
included in δins. For the rocking mechanism the PoR is assumed to be at 
the centre of the compressive zone. The length of the compressive zone 
(xcom) and coefficient β, which define the PoR, are given by the 
equations: 

xcom =
q⋅b

aeff ⋅kc,90⋅fc,90
(3)  

β=
b − xcom

b
(4)  

where aeff is the thickness of the compressed layer (thickness of the CLT 
wall), kc,90 is a factor taking into account the load configuration, the 
splitting potential, and the degree of compressive deformation, and fc,90 
is the compressive strength perpendicular to the fibre (design, charac-
teristic or mean value, depending on the purpose of the estimation). 

In the case that the foundation under the panel is stiff, the rocking 
PoR would be defined by the length of the compressive zone in the CLT 
wall panel. 

Fig. 4. Schematic showing the deflection components of a single CLT wall panel: rocking (δr), sliding (δsl), shear (δsh), bending (δb).  
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3.2. Sliding behaviour 

The sliding deformation of a CLT wall system (δsl) is derived from the 
equilibrium of forces in the horizontal direction: 

δsl =
H − kfr⋅q⋅b
∑

kcon,x,i
(5)  

where kfr is the coefficient of friction between the CLT wall and the base, 
and kcon,x,i is the stiffness of each connection in the shear direction – kcon, 

el, kcon,pl,1 or kcon,pl,2, depending on the stage in the inelastic diagram. 
Sliding in the CLT systems starts when the total horizontal force, H, 

exceeds the static friction force (kfr⋅q⋅b). This is a simplified estimation, 
since in reality the combined behaviour of rocking and sliding is more 
complex. The approach, however, proved to be sufficient for the pur-
poses of this study. The coefficient of friction between the CLT wall and 
the slab (kfr) was assumed to be 0.5 for both the insulated and uninsu-
lated specimens, as determined by previous experiments of kinetic 
friction [9]. The coefficient is within the range of values found in the 
literature [47], although the results vary considerably with respect to 
different timber characteristics and are also dependent on the test setup. 
In the present study, the difference between static friction (which occurs 
prior to sliding) and kinetic friction was neglected, since in the study by 
Almeida et al. [48] relatively small differences between the coefficients 
of sawn timber under intermediate and high compression loads were 
found (on average static friction was 6% higher), and, without experi-
mental tests, the uncertainty in friction coefficients is very high. 

3.3. Shear and bending deformation of the CLT panel 

As found in previous studies, the CLT wall panels generally remain in 
an elastic state; the shear deflection can therefore be calculated using the 
following equation: 

δsh =
1.2 H⋅h
Geff ⋅A

(6)  

where Geff⋅A is the shear stiffness of the panel, Geff the shear modulus of 
CLT and A the gross cross section of the panel. 

The bending deflection on the top of the panel (δb) can also be 
calculated using the elastic formula: 

δb =
H⋅h3

3E⋅Ieff
(7)  

where E⋅Ieff is the flexural stiffness of the CLT panel, with the moment of 
inertia, Ieff, calculated by considering the vertical laminations of the CLT 
panel and the elastic modulus of the structural timber boards, E 
(strength class C24 in the present study). 

3.4. Compression of the elastomer insulation and the CLT slab 

The compressive forces at the contact surface between the CLT wall 
and the horizontal elements are resisted by timber-to-timber contact in 
the uninsulated wall specimens, and additionally by the insulation in the 
insulated panels. The contribution of the angle brackets to the 
compressive resistance was neglected in this model. The insulated angle 
brackets, however, are the only component in the system that can resist 
tensile forces. At the point of contact the cross section is loaded by a 
combined axial force and bending moment, divided by the neutral axis 
into sides of compression and tension (Fig. 5, stage 2). The CLT slab and/ 
or the insulation reach their ultimate strain at the compressed corner, 
while the tensile resistant elements are in an elastic or inelastic state 
(yielded), depending on the position of the neutral axis. 

Four different stages can be defined to describe the contact behav-
iour, depending on the position of the neutral axis (Fig. 5):  

(i) Centric compression, where the vertical load is uniform and thus 
centric compression is present - both the bedding insulation and 
the CLT slab should be designed to remain in the elastic state.  

(ii) Stage 0, where a horizontal force is present, but is not high 
enough to overcome the total vertical loads and cause uplift on 
the tension side - in most mid-rise CLT buildings (<5 stories) the 
increase in compressive stress at this stage would not cause 
plasticity in either the CLT slab or the Stiff.ins. In the case of the 
Flex.ins., however, which behaves in a highly non-linear manner, 
this increase could cause residual deformation at the corner. To 
determine P0 for the inelastic diagram, a critical shear force, H0, 
was calculated [Eq. (8)], which causes the compressive stress at 
the corner of the uplift side to reach zero. 

H0 =
q⋅b2

6h
(8)    

(iii) Stage 1, where the horizontal force causes uplift of the panel from 
the contact area - tensile-resistant elements (angle brackets) are 
activated but remain in the elastic state. In contrast, depending 
on the material used and the boundary conditions, the bedding 
insulation and CLT slab may either behave elastically or may 
have already exceeded the strength of their elastic limit at the 
corner. To determine P1 for the inelastic diagram, a critical shear 
force, H1, was calculated using the moment equilibrium at the 
centre of the compression zone, as given by Eq. (9): 

H1 =
q⋅b2(2β − 1)

2h
(9)    

(iv) Stage 2, where the horizontal force causes yielding of the angle 
bracket at the uplift side. The yielding of the angle bracket is 
caused by a combination of vertical and horizontal forces in the 
connection – the bilinear interaction is considered in the model, 
as described further in the paper. On the compression side, the 
CLT slab and the insulation can be in either the elastic or the 
inelastic state. The shear force in the CLT wall is increased until 
the bilinear criterion for the maximum force in the angle bracket 
is reached - either the uplift (tension) or the shear force is 

Fig. 5. Strain diagrams at the contact area below the CLT wall at different 
stages: from the centric compression stage (vertical force only) to the rock-
ing stage. 
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predominant. The criteria to determine H2 and Hmax (critical 
horizontal loads) are given in the following section. 

At each stage the compressive deformation (εc) of the thick bedding 
insulation at the compressed corner was determined, depending on the 
nonlinear diagram for the insulation material (Fig. 2), and the corre-
sponding compressive stress: 

σc =
q
a
− H⋅

6⋅h
b2⋅a

(10)  

where σc is the compressive stress at the wall corner, and H is the total 
horizontal force acting on the panel (H0, H1 or H2). 

Similarly, the compressive deformation of the CLT slab was included 
in the estimation, where the linear-elastic law was adopted and the 
elastic moduli E90,mean was used in the calculation. 

In systems with highly deformable insulation materials, the experi-
ments proved that the shear deformation of the bedding insulation 
cannot be neglected when calculating the total top shear displacement of 
the wall. The shear deformation in the insulation, considering the total 
horizontal force H in all stages, was calculated using the following 
equation: 

γins =
1.2⋅H

Gins⋅a⋅beff
(11)  

where γins is the average shear stress in the compressed part of the 
bedding insulation, Gins is the shear modulus of the insulation, and beff is 
the length of the insulation under compression. 

At each stage, when calculating the shear displacement (from the 
shear deformation γins), the effective average thickness of the com-
pressed bedding insulation (tins,eff) was considered. A simplification was 
assumed, whereby tins,eff was calculated as the mean value of the insu-
lation thickness at the compressed corner and the thickness at the po-
sition of the neutral axis. 

The contribution of the compressive deformation of the CLT slab 
(δcom) to the top shear displacement of the CLT wall (δtot) is determined 
by basic trigonometric functions, with the assumption made that the 
CLT panel rotates as a rigid body. The contribution of the compressive 
deformation of the bedding insulation was determined in the same way. 
The contribution of the insulation (δins) to δtot includes both the 
compressive and shear deformation of the bedding insulation. 

3.5. Strength capacity and the shear-uplift interaction of connections 

Various prediction models for lateral resistance in CLT walls have 
already been proposed by several authors (e.g. Refs. [18,21,37]). Due to 
two-directional loading at the position of the innovative angle bracket, a 
reduction in the strength capacity should be taken into account. One 
possibility is to use the shear-uplift interaction inequality, where a linear 
or nonlinear working domain could be applied. In this study a nonlinear 
domain was used, given by the following equations: 
(

Fcon,x

Fcon,el,x

)2

+

(
Fcon,y

Fcon,el,y

)2

= 1 (12)  

(
ucon,x

ucon,max,x

)2

+

(
ucon,y

ucon,max,y

)2

= 1 (13)  

where Fcon,x and Fcon,y represent the shear and uplift forces in the angle 
bracket considered and Fcon,el,x and Fcon,el,y the elastic limit strength of 
the connections in the shear and uplift directions, ucon,x and ucon,y the 
shear displacement and uplift calculated at the position of the angle 
bracket considered, and ucon,max,x and ucon,max,y the experimentally 
determined shear and uplift displacements corresponding to the 
maximum force value (Fcon,max) in each direction. 

In almost all cases, the critical connection, where the limit state first 

occurs, is the connection closest to the uplift corner of the CLT wall. On 
rare occasions, in walls of the dimensions tested, it could occur that the 
shear mechanism of the wall would be predominant and a connection at 
any other position would prove critical. This would be possible in cases 
with high vertical load, or if connections varying in shear stiffness and 
capacity were used on the same wall (e.g. hold-down and angle 
brackets). 

It was assumed that, once the limit condition expressed by Eq. (12) is 
attained (stage P2), the plasticization of the connection would apply 
simultaneously in both directions (shear and uplift). The same condition 
was used to determine the stage Pmax, where a displacement criterion 
was instead adopted (Eq. (13)). The distribution of the uplift forces, 
which is needed to determine the connection forces, was based on the 
stiffness ratio of the connections used and the distance of the connection 
from the PoR. Since the same angle brackets (of equal stiffness) were 
used on both sides, a triangular distribution of the uplift forces was 
assumed, where both connections are in an elastic state. On the other 
hand, the total shear force was distributed to each connection propor-
tionally, according to the shear stiffness of the connections – depending 
on the state of the connection kcon,el or kcon,pl. To determine stage Pu, a 
similar condition as in Eq. (13) was used, only the displacements at the 
maximum connection force were replaced by the ultimate displacements 
of the connection in each direction (as given by the experimental tri- 
linear envelope described in Table 2). The limit shear forces for each 
stage (H1, H2, Hmax) were determined by a numerical solver tool, using 
the conditions from Eqs. (12) and (13) and analytical equations for top 
shear displacement (Eq. (2)–(7)). Friction between the CLT walls and 
base was also considered in order to determine the limit stages. 

4. Results 

4.1. Results of experimental tests 

Different damage mechanisms occurred in the tests; in the first 
phases of the tests shear sliding occurred at the base of the wall. With 
rocking (up-lift) of the wall, large deformations were observed in the 
angle bracket, with withdrawal of the screws from the CLT slab (Fig. 6a) 
and embedding of the screws in the CLT wall panel (Fig. 6d). Since the 
load-bearing capacities of both parts of the connection (i.e. both the wall 
and slab parts of the connection) are similar under tensile (uplift) 
loading [9], no systematic rule was found to determine which of the two 
uplift mechanisms was more prevailing under any specific influencing 
parameter (i.e. the presence or type of insulation, level of vertical load or 
position of the angle brackets). Under higher vertical loads compression 
of the CLT slab under the CLT panel was evident (Fig. 6c), with minor 
compression also observed under the angle bracket (Fig. 6d). At the 
corner of the wall high deformation of the Flex.ins occurred, including in 
the specimens subjected to low vertical load (Fig. 6b). It should be noted 
that for high lateral loads the CLT foundation slab lifted from the 
ground, however, this did not influence the result significantly. 

The influence of various parameters on the load-bearing and 
displacement capacity obtained, as well as other characteristics, is 
evident from comparisons of the experimental hysteretic lateral force- 
displacement curves, as presented in Fig. 7. Table 3 presents the 
average results for all tests in both directions of loading in terms of 
lateral displacements and resistances for the following characteristic 
performance limit points:  

• the yield displacement, δy, and resistance Hy, defined according to 
EN 12512 [43] (the intersection of the backbone hysteretic curve 
between 10% and 40% Hmax [elastic stiffness kel, corresponding 
lateral displacements δ10% and δ40%] and the tangent curve to the 
hysteresis envelope, assuming an inclination, kpl, of 1/6*kel), 

• the maximum lateral load-bearing capacity, Hmax [kN], and corre-
sponding lateral displacement, δHmax [mm], 
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• the ultimate lateral displacement of the wall, δu (the displacement at 
which a 20% drop in the post-peak resistance was obtained, or the 
maximum displacement obtained if such a decrease in load was not 
obtained), and the corresponding lateral resistance in the first 
loading cycle, Hu. 

Furthermore, Table 3 presents the ductility, μ, defined according to 
EN 12512 as the ratio of the ultimate displacement to the yield 
displacement. To be able to comprehensively compare the experimental 
response to analytical results, however, secant stiffness k40-90 at 40% 
and 90% of Hmax, and the potential (input) energy EINP (area under the 
backbone curve) are presented, up to ultimate displacement. 

One of the parameters that can only be obtained by cyclic tests is 
energy dissipation. Relative energy dissipation can be evaluated through 
the equivalent viscous damping coefficient υeq, which was calculated 
according to EN 12512 for each loading cycle, with Table 3 presenting 
the average values of the third loading cycles for each test conducted. 

In the monotonic test the values in Table 3 refer to only one direction 
of loading. It must be noted that the 20% drop in load-bearing resistance 
was not achieved in the first amplitude loading cycle in all tests due to 
limitations of the equipment (it exceeded the maximum displacement of 
the test set-up). For the same reason, in a few cases the load-bearing 
capacity was not achieved in either direction of loading (W-Unin/15- 
C/2, W-SR55/15-C/1, W–NF/15-C/1, W-SR55/40-C/1). 

Denotations: δ10% and δ40% … lateral displacements on top of the 
wall corresponding to 10% and 40% Hmax; kel … secant stiffness between 
10% and 40% Hmax; k40-90 … secant stiffness between 40% and 90% 
Hmax; Hy … yield resistance defined according to EN 12512, with kel and 
the tangent curve to the hysteresis envelope at an inclination of 1/6 kel; 
δy … yield displacement corresponding to Hy; Hmax … the maximum 
lateral load-bearing capacity; δHmax … displacement corresponding to 
Hmax; Hu … ultimate resistance of the wall corresponding to δu; δu … 
ultimate lateral displacement of the wall defined according to EN12512; 
μ … ductility defined as the ratio δu/δy; EINP … potential (input) energy. 

Note: In tests W-Unin/15-C/2, W-SR55/15-C/1, W–NF-15-C/1, W- 
SR55/40-C/1 the load-bearing capacity was not achieved in either di-
rection. In tests W-NB/15-C/1, W-Unin/40-C/1, W-SR1200/40-C/1 and 
W-NB/15-C/2 the 20% drop in load-bearing capacity was not obtained 

in the first loading cycle. 

4.2. Analytical model results 

Analytical lateral load-displacement curves were calculated for all of 
the CLT wall systems tested, varying by insulation stiffness, vertical 
loading and angle-bracket position. In Fig. 8 some tests (uninsulated 
walls and wall systems with different types of insulation (Stiff.ins and 
Flex.ins), under different vertical loading with an angle bracket edge 
distance equal to 150 mm) are directly compared to the corresponding 
experimentally obtained backbone curves for the first loading direction. 

The total lateral displacements (δtot) evaluated at limit points Po-Pmax 
(as described in Section 3) are presented for all CLT walls in Fig. 9. In 
order to compare the contributions of different mechanisms for the 
various wall systems, and to demonstrate the significance of each 
contribution in different phases of the response, the contributions of 
individual components to the total displacements are depicted in 
different colours. Lateral load resistances are also stated for the limit 
points in each wall system. 

5. Discussion of results on the analysed walls 

5.1. Validation of the analytical model 

While a comparison of analytical results to experimental results in 
the first (positive) loading direction is presented in Fig. 8, Table 4 pro-
vides a comparison of the analytically estimated results with the average 
experimental results for each test in both directions of loading, as well as 
the average of the relative differences between them (the analytical 
curves were analysed in the same manner as the experimental ones). The 
error of analytically-estimated load-bearing capacity compared to re-
sults from various cyclic experimental tests is lower than 10% in all 
cases, i.e. the ratio of analytical to experimental Hmax ranged between 
0.91 and 1.03 (on average the analytical Hmax was underestimated by 
2%, with a 5% coefficient of variation (CV), not considering the 
monotonic test). The estimation of elastic stiffness, kel, proved less ac-
curate, leading to an average overestimation of 21%, with significantly 
higher scatter (23% CV). The larger difference and scatter can be 

Fig. 6. Damage mechanisms: a) plastic deformations of the angle bracket and withdrawal of the screws from the CLT slab, b) embedment of the soundproofing 
bedding, c) embedment of the CLT slab (uninsulated specimen) and d) embedment of the angle bracket into the slab and the screws into the CLT wall in experiments 
with the greatest vertical loading. 
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Fig. 7. Comparisons of the hysteretic lateral force-displacement response.  
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explained by the input parameters for estimating the behaviour of the 
connection; in the experimental results, the CV obtained for the elastic 
stiffness kcon,el of the connections was very high in some cases, e.g. 
almost 60% for uninsulated specimens in the shear direction. Never-
theless, the analytical model better estimated plastic stiffness; on 
average k40-90 was overestimated by 2%, with a 15% CV. 

The ultimate deformation capacity, δu, is on average 7% higher ac-
cording to the analytical model than that obtained from the experi-
mental tests, but with a higher scatter of results (tests in which the load- 
bearing capacity was not obtained in both loading directions are 
excluded from the statistics). Due to the overestimation of the ultimate 
displacement capacity, the ductility, μ, and total potential energy, EINP, 
are also overestimated. It can be seen, however, that the overestimation 
is significantly higher for μ (the results of the experimental tests are 
overestimated by 27% with a CV equal to 20%). The higher error in the 
calculation of μ originates from overestimation of both the stiffness and 
ultimate displacement, δu, while the 12% overestimation of EINP is 
prevailingly the result of the overestimation of δu. If the potential energy 
is re-evaluated up to the ultimate displacements achieved in the 
experimental tests (denoted by EINP

(red) in Table 4), the analytical curves 
prove to be very good approximations of the experimental curves, with 
the relative difference in potential energy between them being just 1% 
on average, with a satisfactory 6% CV. 

5.2. Influence of insulation 

Since the insulated specimens were only tested up to a vertical load 
of 50 kN/m, a direct comparison of experimental results between the 
insulated and uninsulated specimens is only possible for the specimens 
with a vertical load level of 10 kN/m. As seen from Fig. 7 and the test 
results in Table 3, the bedding insulation does not seem to significantly 
change the lateral load-bearing capacity (Hmax) of the system. Specif-
ically, the load-bearing capacity of the W-NB/15-C/1 specimen with 
Flex.ins. was 8% higher in the experimental tests compared to the cor-
responding uninsulated specimen. According to the analytical model, 
Hmax should be approximately 1% higher in this specimen (see Fig. 9). In 
specimen W-SR55/15-C/1 the limit displacement of the experimental 
test set-up was reached before its maximum load-bearing capacity could 
be obtained; nevertheless, its maximum resistance, at 100 mm shear 
displacement, was similar (3% higher) to the load-bearing capacity of 
the uninsulated specimen, whereas according to the analytical model 
the difference should be less than 0.5%. For the insulated specimen W- 
SR55/40-C/1 (be = 400 mm) the average experimental lateral load- 
bearing capacity obtained was very similar as for the uninsulated W- 
Unin/40-C/1 - where again the load-bearing capacity of the W-SR55/40- 
C/1 was not reached but should, according to the analytical model, be 
approximately 7% lower than the uninsulated specimen. 

More important than the relatively small changes in lateral load- 
bearing capacity of the insulated specimens, as proven by experi-
mental tests as well as suggested by the analytical model, is the reduc-
tion in stiffness brought by the bedding insulation, resulting from 

additional rotations of the walls due to deformation of the insulation 
under horizontal loading. This influence is evident in Fig. 10, where the 
secant stiffness obtained at amplitude displacements in the first loading 
cycles is presented for all walls with an angle bracket edge distance, be, 
of 150 mm. For specimens under low vertical load, both experimental 
tests as well as analytical models showed a 60% reduction in elastic 
stiffness, kel, when be was equal to 150 mm (W-SR55/15-C/1, W-NB/15- 
C/1). The load-bearing capacity of an insulated specimen with an 
increased edge distance (be equal to 400 mm, W-SR55/40-C/1) was 61% 
lower than an uninsulated specimen according to experimental tests, 
and 68% lower according to the analytical model. Under a higher ver-
tical load a 41% decrease in kel was observed in a wall containing Flex. 
ins in comparison to a wall containing Stiff.ins (compared to a 49% drop 
according to the analytical model). 

Though the insertion of insulation provides higher ultimate lateral 
displacements of the walls (on average 28% higher for W-SR55/15-C/1 
and W-NB/15-C/1 compared to the uninsulated walls, and predicted to 
be 27% higher according to the analytical model), the insulation causes 
a reduction in ductility overall due to a significantly large decrease in 
stiffness. 

5.3. Influence of vertical load 

Although conducted on only a small number of samples, the results 
of the experimental tests confirm that the vertical load has a positive 
influence on the lateral load-bearing capacity, primarily as a result of the 
increase in frictional forces. In the case of the uninsulated specimen the 
lateral load-bearing capacity increased by more than 130% (150% 
analytically) when the vertical load was raised from 10 to 100 kN/m. In 
the case of the insulated specimens (W-NB/15-C/1 vs. W-NB/15-C/2) an 
increase in vertical load from 10 to 50 kN/m resulted in an increase in 
load-bearing capacity of approximately 70% (compared to almost 90% 
analytically). It should be noted that the experimental test on W-NB/15- 
C/2 was conducted under a different loading rate, which influences the 
response [49], but the influence is not significant given the relative 
changes observed with respect to the different vertical loads applied. 

At a higher vertical load the stiffness increased in both the uninsu-
lated (as also found in Refs. [38,50,51]) and insulated specimens. In the 
experimental tests, the higher vertical loads mentioned resulted in an 
increase in elastic stiffness, kel, of 340% in uninsulated walls and 100% 
in insulated walls. The increase in stiffness can be attributed to frictional 
forces caused by the increased compressive stress at the wall-to-slab 
interface, and the consequent delay in rocking (obtained at higher 
forces relative to Hmax). The increase in compressive stresses (beyond 
the elastic limit) also causes the CLT wall panel to embed into the CLT 
slab prior to the onset of rocking, which in the end represents 4% of the 
total ultimate lateral displacement for the uninsulated specimen 
(W-Unin/15-C/2). Local embedment into the slab at the edge of the CLT 
wall was also observed in the case of the insulated specimens (the 
analytical contribution to lateral deformations can be seen in Fig. 9). 
Nevertheless, due to higher lateral loads, the bending and shear 

Table 3 
Results of experimental tests on the walls (average results of both loading directions).  

Test δ10% [mm] δ40% [mm] kel [kN/mm] k40-90 [kN/mm] Hy [kN] δy [mm] Hmax [kN] δHmax [mm] Hu [kN] δu [mm] μ [/] υeq [%] EINP [kNmm] 

W-Unin/15-M/1 1.95 7.1 3.83 1.27 45.9 12.2 65.4 44.0 52.3 61.2 5.00  2940 
W-Unin/15-C/1 1.80 7.8 3.11 1.20 45.8 15.7 58.9 40.8 47.1 62.0 4.25 7.0 2695 
W-Unin/15-C/2 0.84 4.0 13.7 2.85 88.9 6.4 140.1 66.7 128.4 76.4 12.3 9.0 9188 
W-SR55/15-C/1 3.55 20.7 1.06 0.88 57.9 52.4 60.6 67.6 48.4 72.0 1.37 7.3 2650 
W-NB/15-C/1 2.87 16.6 1.39 0.97 56.2 38.6 63.9 71.5 51.1 85.5 2.22 5.7 3803 
W-SR1200/15-C/1 1.51 7.9 4.68 1.63 73.8 15.4 99.0 59.5 79.2 84.6 5.72 5.4 6557 
W–NF/15-C/1 1.44 8.0 4.81 1.47 70.9 14.1 104.5 77.2 87.0 86.0 6.16 4.5 7052 
W-Unin/40-C/1 2.79 11.1 2.05 0.96 47.7 23.7 56.2 48.2 44.9 80.4 3.50 4.6 3431 
W-SR1200/40-C/1 1.43 8.4 4.07 1.36 66.9 15.6 93.9 65.0 82.6 93.7 6.04 4.6 7010 
W-SR55/40-C/1 5.45 26.7 0.79 0.73 54.0 66.8 56.0 81.6 54.6 85.0 1.28 5.0 2758 
W-NB/15-C/2 2.23 14.1 2.79 1.65 93.6 32.0 109.5 68.8 87.6 74.6 2.32 8.8 5731  
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deformations of the CLT wall panel also increase, e.g. under a 100 kN/m 
vertical load the latter accounts for 12% of the total lateral deformation 
in the uninsulated wall (see Fig. 9). 

The experimental tests proved a 23% increase in ultimate displace-
ment in the uninsulated wall at a higher vertical load (100 kN/m 
compared to 10 kN/m), while the analytical model foresees a 14% in-
crease. In the insulated walls, W-NB, a change in vertical load from 10 
kN/m to 50 kN/m should, according to the analytical prediction, also 
result in a 14% increase in the ultimate displacement, but in fact in the 
experimental tests lower ultimate displacements were observed under a 
higher vertical load. 

6. Summary and conclusions 

Experimental cyclic shear tests on full-size CLT walls were conducted 
in order to study the response of CLT wall specimens with insulated steel 
angle bracket connections under lateral force, when founded on CLT 
slabs with or without a sound insulation layer and subjected to different 
vertical loads. By comparing experimental results the influence of the 
sound insulation layer and the level of vertical load was evaluated. 
Furthermore, an analytical model was proposed to predict the multi- 
linear lateral load-displacement response, which can be used for in- 
depth analysis of the lateral response of the walls tested and further 
applications. The analytical model was verified by comparing the esti-
mated results to those experimentally obtained. 

Fig. 8. Analytical multi-linear lateral response prediction compared to the experimental backbone curves.  
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The following conclusions can be drawn from the study:  

• The experimental tests confirmed that the angle brackets used for the 
connections are able to provide substantial load-bearing capacity in 
both the shear and tensile (uplift) directions [9], allowing significant 
lateral deformations in the wall (2.5% drift in the uninsulated wall, 
and more than 3% in the insulated walls).  

• The insulation layer under the wall led to only minor changes in the 
load-bearing capacity of the walls under lower vertical loads; on 
average a 4% increase was obtained in the experimental tests, while 
an average overall decrease of 2% should be obtained for the vari-
ations tested according to the analytical model. On the other hand, 
the stiffness of the wall is significantly reduced, due to additional 

lateral deformation of the wall, enabled by deformation of the 
insulation. The elastic stiffness decreased to less than 40% that of the 
uninsulated wall in the case of the more flexible insulation at a low 
vertical load.  

• The presence of vertical load has several effects on the shear response 
of the CLT wall. Experiments confirmed that a higher vertical load 
substantially increases the load bearing capacity, as well as the 
stiffness of the shear wall, due to the associated increase in friction, 
the relatively higher forces at the onset of the rocking mechanism 
(the CLT wall system is more resistant to shear deformations), and 
deformations due to the embedment of the CLT wall panel into the 
CLT slab. In the wall system analysed it was shown that the lateral 

Fig. 9. Analytically determined total lateral displacements (δ) for all walls by limit point, with the contributions of individual components depicted in different 
colours and the lateral resistances evaluated. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 4 
Ratio of analytical to experimental results (average of both directions of loading considered for the experimental results).  

Test Analytical/Experimental 

kel k40-90 Hmax δu μ μ(red) EINP EINP
(red) 

W-Unin/15-M/1 0.74 0.89 0.88 1.18 0.97 0.82 1.15 0.94 
W-Unin/15-C/1 0.91 0.95 0.98 1.16 1.14 0.98 1.26 1.04 
W-Unin/15-C/2 1.73 0.84 1.03* 1.07 1.91 1.78 1.13 1.04 
W-SR55/15-C/1 1.09 1.06 0.95* 1.28 1.41 1.11 1.43 1.00 
W-NB/15-C/1 0.80 0.99 0.91 1.08** 0.84 0.78 1.01 0.91 
W-SR1200/15-C/1 1.26 1.08 1.00 0.96 1.28 1.28 1.01 1.01 
W–NF/15-C/1 1.19 1.17 0.94* 0.95 1.15 1.15 0.95 0.95 
W-Unin/40-C/1 1.40 1.18 1.01 0.91** 1.45 1.45 1.00 1.00 
W-SR1200/40-C/1 1.47 1.19 1.01 0.88** 1.39 1.39 0.94 0.94 
W-SR55/40-C/1 1.16 1.07 0.96* 1.16 1.39 1.20 1.36 1.09 
W-NB/15-C/2 1.07 0.72 1.00 1.41** 1.53 1.08 1.50 0.91 
Average 1.21 1.02 0.98 1.07 1.27 1.22 1.12 0.99 
(CV) (0.23) (0.15) (0.04) (0.18) (0.20) (0.23) (0.18) (0.06) 

Note: Only cyclic tests are considered for the calculation of average and CV values. In tests where Hmax is denoted by * the load-bearing capacity and ultimate 
deformation were not achieved in both directions. In tests where δu is denoted by ** the 20% drop in load-bearing capacity was not obtained. The average δu, μ and EINP 
presented in the table are calculated considering only the values underlined (i.e. tests where load-bearing capacity was achieved in both directions). 
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load-bearing capacity of the uninsulated wall increased by more than 
130% when the vertical load was raised from 10 to 100 kN/m.  

• The analytical model proposed proved to estimate the load-bearing 
capacity and plastic stiffness with adequate accuracy and achieved 
acceptable approximation to the experimental curves in terms of 
potential energy, even though the elastic stiffness is, in general, 
overestimated. What could be an issue, however, is overestimation of 
the ultimate displacement capacity - by 7% on average but with a 
high CV. Additional experimental tests are needed to analyse 
whether this overestimation arises from the model itself, or from the 
input parameters, in particular from the connections.  

• The test results presented and the analytical model proposed may 
form the basis for further research in order to determine the 
behaviour factor (q-factor) for the seismic design of timber structures 
with bedding insulation. Due to reduced ductility, the q-factor values 
defined in the codes for seismic design should most likely be reduced. 
This should, however, be confirmed by additional in-depth studies on 
this topic, since a less stiff response of the CLT wall system and higher 
displacement capacities were also obtained.  

• The analytical model offers an in-depth understanding of the 
behaviour of insulated CLT walls under lateral loading and a possi-
bility to simplify the finite element modelling and design of CLT 
structures. 
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[6] M. Fragiacomo, B. Dujić, I. Šušteršič, Elastic and ductile design of multi-storey 
crosslam massive wooden buildings under seismic actions, Eng. Struct. 33 (2011) 
3043–3053. 

[7] T. Reynolds, D. Casagrande, R. Tomasi, Comparison of multi-storey cross- 
laminated timber and timber frame buildings by in situ modal analysis, Construct. 
Build. Mater. 102 (2016) 1009–1017, https://doi.org/10.1016/j. 
conbuildmat.2015.09.056. 

[8] H. Reichelt, U. Gerhaher, S. Wiederin, R. Maderebner, Characteristics of acoustic 
layers for structural design of timber constructions, in: Proc. WCTE 2016 World 
Conf. Timber Eng., TUVerlag, Vienna, Austria, 2016, pp. 2904–2911. 
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