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Abstract
In cross-laminated timber (CLT) buildings, in order to reduce the disturbing transmission of sound over the flanking parts, 
special insulation layers are used between the CLT walls and slabs, together with insulated angle-bracket connections. How-
ever, the influence of such CLT connections and insulation layers on the seismic resistance of CLT structures has not yet been 
studied. In this paper, experimental investigation on CLT panels installed on insulation bedding and fastened to the CLT floor 
using an innovative, insulated, steel angle bracket, are presented. The novelty of the investigated angle-bracket connection 
is, in addition to the sound insulation, its resistance to both shear as well as uplift forces as it is intended to be used instead 
of traditional angle brackets and hold-down connections to simplify the construction. Therefore, monotonic and cyclic tests 
on the CLT wall-to-floor connections were performed in shear and tensile/compressive load direction. Specimens with 
and without insulation under the angle bracket and between the CLT panels were studied and compared. Tests of insulated 
specimens have proved that the insulation has a marginal influence on the load-bearing capacity; however, it significantly 
influences the stiffness characteristics. In general, the experiments have shown that the connection could also be used for 
seismic resistant CLT structures, although some minor improvements should be made.

1  Introduction

In recent years, several high-rise and complex apartment 
buildings have been built entirely or partly using timber 
load-bearing elements (Foster et al. 2016; Ramage et al. 
2017). This has generally been achieved as a result of 
the development of cross-laminated timber (CLT) struc-
tures (Brandner et al. 2016). These structures have several 
advantages, such as sustainability, energy efficiency and fast 
erection.

While mid-rise CLT or hybrid CLT buildings are becom-
ing more common in non-seismic regions, recently a huge 
progress has been achieved also in design and construc-
tion of mid-rise timber buildings in seismic areas (Pei et al. 
2016; Izzi et al. 2018). Seismic design principles for tim-
ber (and CLT) structures in Europe are to be updated in the 

new coming version of Eurocode 8, expected to be released 
(Follesa et al. 2018). In the design of earthquake resistant 
CLT structures, ductile connections play a crucial role by 
ensuring deformation capacity and energy dissipation of the 
structural system, due to the brittle nature of CLT panels. In 
addition to the load-bearing capacity and ductility, the infor-
mation on the connection stiffness also is important, in order 
to obtain realistic modal vibration periods of the buildings 
for seismic design (Fragiacomo et al. 2011).

Several experimental studies have been conducted to 
better understand the mechanical behaviour of CLT wall 
panels with traditional connections, i.e. angle brackets and 
hold-downs, under in-plane lateral loading; monotonic and 
cyclic shear tests of CLT wall panels (Dujić et al. 2004, 
2006; Lauriola and Sandhaas 2006; Popovski et al. 2010; 
Okabe et al. 2012; Hummel et al. 2013; Gavrić et al. 2015a) 
and tests of CLT single connections (Tomasi and Sartori 
2013; Schneider et al. 2014; Flatscher et al. 2015; Gavrić 
et al. 2015b; Benedetti et al. 2019). It was found that regular 
angle brackets perform better under shear than under tensile 
loads (Flatscher et al. 2015; Gavrić et al. 2015b). On the 
other hand, the hold-downs prove to have a high stiffness 
and strength in the tensile direction and very low stiffness 
and strength under shear actions (Benedetti et al. 2019). 
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The reason for this kind of behaviour is the elongated shape 
of the connection, which is not able to transfer a signifi-
cant shear force to the base, generating brittle failure with 
very low stiffness and strength. The shear tests of CLT wall 
panels confirmed that next to the characteristics of the con-
nection (type, geometry and mechanical characteristics of 
connectors) also other parameters, such as position of con-
nectors on the panel, the vertical load, boundary conditions, 
etc. influence the seismic response of CLT wall panels. The 
connectors are in dependence of these various parameters 
subjected to both shear and tensile/compression loading, 
when the wall panel is laterally loaded. Therefore, experi-
mental tests and numerical modelling of the coupling effect 
(simultaneous shear and axial loading) on angle brackets and 
hold-downs were conducted (Pozza et al. 2017, 2018; Liu 
and Lam 2018, 2019; Liu et al. 2020). It was established that 
the coupling effect should not be neglected in the numerical 
models for the design. Recently, a new type of shear-tension 
angle-bracket connection with nails in the vertical flange 
and inclined, fully threaded screws in the horizontal flange 
of the bracket has been developed to improve mechanical 
properties in tension compared to the regular angle brackets 
without the inclined screws (D’Arenzo et al. 2018, 2019). 
Analytical tension-shear domain was determined through 
monotonic shear and tensile tests and through numerical 
studies also for these innovative shear-tension angle-bracket 
connections.

Due to their low weight, timber structures tend to have 
other problematic issues, such as poor sound insulation 
(Caniato et al. 2017) and unpleasant vibrations under ser-
viceability loads (Reynolds et al. 2016). One of the pos-
sibilities to reduce the disturbing sound transmission over 
the flanking parts, which is becoming increasingly common 

in CLT structures, is to use special elastic acoustic layers 
between the CLT wall and the floor panels (Reichelt et al. 
2016). Depending on the design of the floor assembly, elastic 
layers can be placed underneath the walls or both underneath 
and on top of the walls. The selection of a suitable elas-
tic layer depends on the static loads to which the structural 
element and the insulation layer are subjected, and on its 
dynamic parameters to provide a good acoustic performance. 
Conventional connectors between the CLT panels either pen-
etrate the elastic layer or create sound bridges by not being 
isolated themselves and consequently reduce the acoustic 
performance of the structure.

For this reason, special angle brackets have been devel-
oped, where the rigid parts are elastically separated from 
each other to prevent sound transmission (Säly et al. 2008; 
Pitzl and Getzner 2018). However, besides the insulation, 
these connectors were, similar to the connector presented 
in D’Arenzo et  al. (2018), specially designed to ensure 
good mechanical performance during an earthquake under 
both shear and axial loads and to simplify the connections 
between the CLT wall and floor panels. The strength and 
stiffness of this innovative angle bracket in the shear and 
tensile directions have been achieved with the use of inclined 
self-tapping screws to connect the angle brackets to the floor 
panel and also with a thick metal plate placed over the hori-
zontal flange of the angle bracket (Fig. 1).

There were two main objectives of the presented research; 
first to evaluate the structural performance of the CLT con-
nection with the presented innovative angle brackets (Pitzl 
and Getzner 2018) under shear and tensile/compression 
loading, and second, to evaluate the influence of the differ-
ent types of sound insulation layers placed between the CLT 
panels and under the bracket, on the seismic performance 

Fig. 1   Analysed test specimen (CLT wall and floor connected with insulated steel angle bracket with insulation bedding under the wall)
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of the connection. Except for two tests on CLT panels con-
ducted by Hummel et al. (2013), no studies of seismic per-
formance of CLT panels or connections with sound insula-
tion layers between panels have yet been published.

For determining the behaviour of the investigated insu-
lated CLT wall and floor panel connection with presented 
angle brackets under earthquake loads, an experimental cam-
paign including monotonic and cyclic tests on single con-
nections was conducted, where the surrounding CLT panels 
were reduced in size to simplify the experiment (Fig. 1). The 
used angle bracket is intended to serve both as a conven-
tional angle bracket to prevent shear sliding, and to prevent 
uplift (instead of traditional hold downs). To generate the 
boundary conditions most similar to the actual use, besides 
the pure shear response of the connections also the influence 
of the vertical compressive load on the shear response was 
investigated. Furthermore, the same connection was ana-
lysed under tensile/compressive loads. To investigate the 
influence of the developed sound reduction details on the 
seismic behaviour of the structural system, the CLT wall 
and the floor panel connection were tested with and without 
insulation layer under the angle bracket and between the 
CLT panels. The results were evaluated in terms of stiff-
ness, load-bearing capacity, displacement at failure and the 
nonlinear parameters characterizing the hysteresis behaviour 
(hysteretic damping, energy dissipation, etc.).

2 � Materials and methods

2.1 � Test specimens and material characterization

Test specimens representing the CLT wall and floor panel 
connected with a steel angle bracket were constructed with 
three-layer CLT panels of 100-mm thickness (40-30-40) for 
the wall and with five-layer CLT panels of 140-mm thickness 
(40-20-20-20-40) for the floor; CLT without narrow side 
bonding was used (ETA 12-0347 (OIB 2017)). The goal of 
the testing program was to obtain results of cyclic behav-
iour for general use of the insulated angle brackets. To take 
into account all possible applications of the angle brackets, 

the specimens had both orientations of the outer layers of 
the CLT plates for the wall panels; the outer laminations 
orthogonal to the CLT slab (most common orientation in 
case of CLT walls) as well as parallel to the slab (possible 
use for CLT deep beams, CLT cantilevers, vertical connec-
tion between CLT walls, special architectural demands). It 
is assumed, however, that for the CLT and connection used 
in the study, the grain orientation of the outer layers should 
not significantly influence the stiffness and load-bearing 
capacity. As observed in previous investigations, for CLT 
with standard layer thicknesses (t > 9 mm), the embedment 
strength of laterally loaded self-tapping screws in the CLT 
side face (dsc ≤ 8 mm, dsc = screw diameter), could be esti-
mated in the same way as for solid wood, regardless of the 
grain orientation in the outer layer (Ringhofer et al. 2018).

Angle bracket of size 100 × 100 × 240 × 3  mm (steel 
S250GD + Z275) and an additional 14-mm-thick metal 
plate (Aluminium EN AW 6082) over the horizontal leg 
were fastened to a wall panel with 8 partially threaded 
screws 8 × 80 mm (ETA 12/0276 (DIBt 2017)) and to the 
floor with 10 partially threaded screws 8 × 160 mm (ETA 
12/0276 (DIBt 2017)). For the later, four screws were 
installed vertically in the central part of the steel plate and 
three were installed next to them on each side at an angle of 
45° (Fig. 1). The configuration (number and geometry) of 
the screws for fastening the horizontal and vertical flange to 
CLT elements was as recommended by the manufacturer of 
the insulated angle brackets on the basis of preliminary tests.

To study the influence of the insulation material on the 
seismic response, two groups of insulation bedding material 
between the CLT elements differing in the elastic proper-
ties of the material and in the insulation static load limit 
were tested (see Table 1); a stiffer insulation with a static 
load limit up to 1.5 MPa (labelled as “Stiff.ins.”, used in 
structures for a higher static loading) and a moderately flex-
ible one with a static load limit of approximately 0.05 MPa 
(labelled as “Flex.ins.”, used for lower static loading, e.g., in 
the highest floors of the structures). For each group, speci-
mens with a mixed cellular polyurethane (“MCP”) sheet 
(Getzner GmbH 2019a) and a closed cellular polyurethane 
(“CCP”) sheet (Getzner GmbH 2019b) were tested. Despite 

Table 1   Testing program

Ms monotonic shear test, Cs cyclic shear test, Cs-v cyclic shear test with vertical load, Mt monotonic ten-
sion test, Ct cyclic tension/compression test

Insulation Shear test (no vertical load) Shear test with 
vertical load

Tension/(compression) test

None (“Unins.”) 2 monotonic (Ms),
2 cyclic (Cs)

1 cyclic (Cs-v) 1 monotonic (Mt),
1 cyclic (Ct)

Stiff insulation (“Stiff.ins.”) 2 monotonic (Ms),
4 cyclic (Cs)

2 cyclic (Cs-v) 1 monotonic (Mt),
2 cyclic (Ct)

Flexible insulation (“Flex.ins.”) 2 monotonic (Ms),
4 cyclic (Cs)

/ 2 cyclic (Ct)
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their different influence on sound protection (mixed cellular 
elastomers are characterized by highly elastic behaviour, 
while closed cellular elastomers provide more damping), 
similar mechanical response to static and low-cycle dynamic 
loading was expected. The insulation bedding of thickness 
12.5 mm was laid under the wall (Fig. 1). For all the speci-
mens with insulation bedding between the CLT panels, the 
angle brackets were identically insulated with two layers of 
moderately flexible closed cellular polyurethane (Getzner 
GmbH 2019b) with a total thickness of 12.5 mm (Fig. 1).

2.2 � Testing program

The testing program (Table 1) consisted of 18 shear tests 
varying in terms of the presence and type of insulation (stiff, 
flexible), orientation of the CLT wall’s outer layers and in 
the application of vertical load (no vertical loading vs. cou-
pled shear and vertical loading) and of 7 preliminary ten-
sion/compression tests varying in terms of the presence and 
type of insulation. For the tensile tests, all the test specimens 
had grain orientation of the outer laminations of the CLT 
walls parallel to the CLT slab, i.e. orthogonal to tensile load-
ing. To define the loading protocol, monotonic tests were 
conducted prior to the cyclic tests.

For the shear tests, the loading was applied to the wall 
panel 150 mm above the floor panel and the out-of-plane 
displacements of the specimens were restrained by a steel 
element with a PTFE layer to eliminate friction at the top of 
the wall panel (Fig. 2a). For the tension/compression tests, 
the steel element served to fix the specimen and to introduce 
the tensile/compressive loading (Fig. 2b). A servo-hydraulic 
actuator of capacity 160 kN was used for all the tests. For the 
coupled shear and compression tests, the vertical load was 
chosen with regard to the insulation static range of use and 
was induced by pre-compression. Due to the low static load 
range of flexible insulation, only stiff insulation was used in 
coupled shear/compression tests. Prior to the start of the test, 
a vertical load of 100 kN (corresponding to normal stress 

1.42 MPa under the CLT wall panel) was applied by strain-
ing the steel tendons as a result of fastening the steel nuts. 
The vertical load was during the test, however, reduced due 
to minimal rocking of the specimen, which caused loosen-
ing of the nuts. This deficiency of the test setup was con-
trolled by measuring the actual force at the centre of the wall 
specimens with a load cell. Relative displacements between 
the wall and the floor panel were measured with four 100-
mm or 200-mm linear variable displacement transformers 
(tolerance ≤ 0.1 mm or 0.2 mm, respectively), positioned 
at the ends of the wall on both sides (Fig. 2). The relative 
displacements used for analysing the results are calculated 
as average values of all four recorded values for both shear 
and tension tests.

In all the tests the loading was induced by controlling 
the increase in the lateral displacement (approximate rate 
0.2 mm/s) except in the cyclic tension/compression tests, 
where the loading in compression was, from a certain dis-
placement onwards, limited by the maximum actuator capac-
ity. The loading protocol for cyclic tests was defined accord-
ing to ISO 16670 (2003) and therefore based on the results 
of the ultimate displacement capacity obtained in monotonic 
tests (i.e., displacement du, where the post-peak load resist-
ance decreased to 80% of the load-bearing capacity). As 
seen in Table 1, monotonic shear tests were performed for 
the uninsulated specimens and for specimens with both types 
of insulation. For cyclic tests, a uniform loading protocol 
was adopted for all specimens on the basis of average du 
of all monotonic tests. In the case of the tension/compres-
sion tests, it was assumed that the type of insulation has no 
influence on the response of the connection under tensile 
loads. For this reason only two monotonic tension tests were 
performed: one on an uninsulated specimen and one on an 
insulated specimen.

For cyclic tests, the loading was induced in cycles by 
subsequently increasing the displacement amplitudes in both 
directions from the initial position. After the first five ini-
tial displacement amplitude cycles, the following loading 

Fig. 2   a Shear test setup (coupled vertical and shear loading); b tension/compression test
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protocol consisted of three cycles to obtain the strength 
and stiffness degradation. The increase in the amplitude 
displacements was determined according to ISO 16670 as 
a certain part of the average ultimate displacement (du), 
achieved during monotonic tests (80 mm); 20% of the du 
increase (16 mm) for amplitude displacements higher than 
20% of du was prescribed.

3 � Results and discussion

3.1 � Shear response

When comparing the specimens for the same type of shear 
test between each other, the differences in terms of the 
damage mechanism were marginal. Similar damage mecha-
nisms were also obtained when comparing the specimens 
with orthogonal and parallel outer layers orientation of the 
CLT wall, where some minor differences were present in 
the amount of wood crushing in the outer laminations. Typi-
cal damage observed in the shear experiments can be sum-
marized as follows: damage to the wood around the screws 
due to wood crushing (Fig. 3a), embedment (Fig. 3b, c) and 
withdrawal of the screws from the wall panel (Fig. 3a) or, in 
fewer cases, from the floor panel (Fig. 3b). Plastic deforma-
tions of the screws were attained in all tests (Fig. 3d). For 
the tests with coupled shear and compressive loading, shear 
failure of the screws in the wall panel (Fig. 3c) occurred in 
all the tests, while this failure mechanism was not common 
when no vertical load was applied. Plastic deformations in 
the steel part of the angle bracket were present in all the tests 
(Fig. 3e) but were more apparent in tests with no vertical 
load on the insulated specimens (Fig. 3b). This is reason-
able, since the rocking mechanism was more expressed in 
the case of the insulated specimens due to the deformable 
insulation bedding under the CLT panel and the insulation 
under the angle bracket.

In Fig. 4, typical responses in terms of hysteresis curves 
of lateral force vs. displacement obtained for uninsulated and 
insulated specimens under cyclic shear loading and coupled 
shear and vertical loading are presented. Since the vertical 
loading was not constant throughout the coupled shear and 
vertical loading tests, in Fig. 5, time history diagrams of 
the measured compression force Fver and the obtained shear 
resistance Fhor are presented for the two tests together with 
the average measured lateral displacements. Additionally, in 
Fig. 6a, a comparison of the backbone hysteresis envelopes 
is shown, whereas in Fig. 6b results of cyclic tests with no 
vertical loading are compared to results of monotonic shear 
tests.  

The seismic performance of the investigated specimens 
under shear loading was analysed in terms of the load-bear-
ing (Fmax) and displacement (deformation) capacity (du). For 

a more comprehensive comparison, the force-displacements 
curves were idealized to bi-linear curves in order to com-
pare the ductility (μ, defined as the ultimate displacement to 
yield displacement dy), idealized load-bearing capacity Fid 
and effective stiffness Kef. The Yasumura and Kawai (1998) 
and Kobayashi and Yasumura (2011) idealisation criteria 
were considered for the idealisation, since as opposed to EN 
12512 (2002), the equivalent energy criterion is assumed to 
obtain the dy value of the elastic–plastic curve. The effec-
tive stiffness Kef (ratio of dy to Fid) is defined through the 
intersection of the two secant stiffnesses K0.1–0.4 and K0.4–0.9, 
obtained for the displacements corresponding to 0.1, 0.4 and 
0.9 Fmax. The intersection of K0.1–0.4 and K0.4–0.9, the latter 
positioned to be at a tangent on the obtained curve, defines 
the load at which the Kef should be evaluated on the curve 
(see Fig. 7). With Kef known, dy is calculated by assuming 
the equal energy input of the hysteresis envelope and the 
bi-linear diagram up to du. Since for structural analyses and 
design under serviceability loads the elastic stiffness repre-
sents an important value, the average K0.1-0.4 values are also 
provided in Table 2.

The cyclic shear test results, presented in Table 2, con-
sider the average results of tests for both directions of load-
ing. For insulated specimens, the average results are for both 
monotonic and cyclic tests presented considering each type 
of insulation separately. No significant or systematic differ-
ence in capacity or other nonlinear response characteristics 
were found for specimens with orthogonal and parallel ori-
entation of the outer lamination in the CLT wall, therefore 
average results of all specimens are presented.

3.1.1 � Influence of insulation

The insulation bedding between the CLT panels and under 
the angle bracket did not have a significant influence on the 
shear load-bearing and displacement capacity of the system. 
In cases when no vertical load was applied, a less than 5% 
decrease of Fid and a 7% increase of du were obtained for 
the insulated specimens in comparison with the uninsulated 
specimens in the cyclic tests (Table 3). However, the insula-
tion reduced the stiffness of the analysed CLT connection. 
A reduction of over 20% was established for Kef and K0.1–0.4 
(Table 3) with a considerably large reduction in stiffness 
identified for small displacements, which can be seen from 
the comparisons of the backbone curves in Fig. 6. For exam-
ple, the average secant stiffness at 2 mm was in cyclic tests 
for the insulated specimens smaller for approximately 65% 
in comparison to the uninsulated specimens. This effect 
can to some extent be attributed to the shear as well as the 
vertical deformability of the insulation bedding. Since the 
insulation bedding presents a more deformable support than 
in the case of a direct timber-to-timber connection, larger 
rocking of the CLT wall panel was obtained for the smaller 
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Fig. 3   Damage to the specimens in shear tests: a wood damage and with-
drawal of the screws in the wall panel; b embedment and withdrawal of 
the screws in the floor panel and plastic deformations of the steel angle 

bracket; c embedment and shear failure of the screws in the wall panel; d 
plastic deformations of the screws (after monotonic test); e plastic defor-
mations of the angle bracket (insulated specimen after cyclic shear test)

Fig. 4   Typical hysteresis curves obtained in cyclic shear (Cs) and coupled shear and vertical loading (Cs-v) tests: a for uninsulated specimens 
(Unins.); b for specimens with stiff insulation (Stiff.ins.)
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lateral displacements in the case of the insulated specimens. 
The compressive and shear deformations of the insulation 
therefore cause a smaller overall shear resistance of the 
connection for a smaller displacement, since the governing 
mechanism of transferring the shear force to the CLT floor is 
through the insulation and not the embedment of the screws 
in the wood.

Another reason for reduction in shear stiffness for the 
insulated specimens is due to the interlayers, generated 
by the insertion of the insulation between the thick metal 
plate and angle bracket as well as insulation underneath 
the angle bracket. This phenomenon was also observed 
in other studies of timber connections with dowel-type 
fasteners. The influence of interlayers on strength and 

stiffness has been previously discovered for timber con-
crete composites, where the interlayer is used to simulate 
formwork. Gelfi et al. (2002) used the beam on elastic 
foundation model to validate experimental data, where the 
interlayer was modelled as a void space with a variable 
thickness. It was found that the connection stiffness sig-
nificantly depends on the values of the embedded lengths 
both in the concrete and in the wood. The stiffness of the 
connection is reduced when the thickness of the interlayer 
increases. Similarly, Dias et al. (2010) also concluded that 
the use of a 20 mm thick interlayer between timber and 
concrete reduced the slip modulus of the dowel-type joint 
by around 35%. Future work is necessary in this field to 
distinguish between the reduction in connections’ shear 
stiffness due to the insertion of insulation bedding between 
CLT panels and due to the use of insulated angle bracket.

Fig. 5   Recorded time history of the obtained shear resistances (Fhor), 
corresponding vertical loading (Fver) and average measured displace-
ment (d) for the insulated (Stiff.ins./Cs-v) and uninsulated (Unins./
Cs-v) specimens

Fig. 6   Comparison of a the hysteresis backbone curves for cyclic 
shear (Cs) and coupled shear and vertical loading (Cs-v) tests for 
uninsulated specimens (Unins.) and specimens with stiff (Stiff.ins.) 

and flexible (Flex.ins.) insulation bedding; b the hysteresis backbone 
curves for one loading direction for cyclic shear and results of mono-
tonic shear tests.

Fig. 7   Determination of bi-linear force – displacement curve accord-
ing to Yasumura and Kawai (1998) and Kobayashi and Yasumura 
(2011)
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The insertion of insulation could cause a reduction in 
ductility compared to the uninsulated connections. For the 
cyclic tests, on average a 10% decrease in ductility was 
obtained for the insulated specimens due to their consider-
ably lower average effective stiffness, but only moderately 
higher ultimate displacement capacity.

3.1.2 � Influence of vertical load and loading protocol

The results of the tests confirm the positive influence of the 
vertical load on the shear load-bearing capacity due to fric-
tional forces (Table 3). The shear resistance provided by 
friction is similar for insulated and uninsulated specimens. 
The coefficient of friction was evaluated for each specimen 
after the ultimate displacement capacity (du) and failure of 
the connection had been reached considering the actually 
measured vertical forces; coefficients of friction equal to 
0.54 and 0.57 were obtained for the uninsulated specimens 
and specimens with stiff insulation, respectively.

For an uninsulated specimen, the total shear load-bearing 
capacity, in the case of an applied vertical load, increased 
by 8%. Due to the frictional forces between the CLT panels 
activated from the beginning of the test, there was a sig-
nificant increase in the elastic and effective stiffnesses (Kef 
more than nine-times higher compared to the tests without 
a vertical load). Consequently, the ductility was also higher, 
since the displacement capacity was neither for uninsulated 
nor for insulated specimens affected by the introduction of 
a vertical load.

A more substantial increase in the load-bearing capacity 
in the case of coupled shear and vertical loads was, how-
ever, achieved for the insulated specimens; the total shear 
strength capacity increased for on average 69%. The results 
confirm that the response of the connection can significantly 
be altered by the presence of the vertical load. Because of 
various influencing mechanisms (friction, rocking, compres-
sion of the CLT slab perpendicular to grain), the contribu-
tion of each component to the total load-bearing capacity 

Table 2   Average results of shear load-bearing capacity, displacement capacity and stiffness for monotonic and cyclic shear tests

Fmax shear load-bearing capacity, ΔFmax,1-3/Fmax,1 strength degradation in 3rd cycle compared to 1st cycle for amplitude displacements, at which 
maximum resistance was obtained, Fid idealized shear load-bearing capacity, du ultimate displacement (at 80% of post-peak load-bearing capac-
ity), μ ductility, Kef effective stiffness (stiffness of the bi-linear curve), K0.1–0.4 elastic stiffness (secant stiffness at 0.1 and 0.4 Fmax), labels Unins., 
Stiff.ins. and Flex.ins. stand for uninsulated specimens, specimens with stiff and with flexible insulation bedding, respectively. Labels Ms, Cs 
and Cs-v stand for monotonic shear, cyclic shear and cyclic shear test with vertical load

Insulation/test (no. of specimens) Fmax (CoV)
[kN]

ΔFmax,1-3/Fmax,1 [/] Fid (CoV)
[kN]

du (CoV)
[mm]

μ (CoV)
[/]

Kef (CoV)
[kN/mm]

K0.1-0.4 (CoV)
[kN/mm]

Unins./Ms (2 tests) 68.1 (3.9%) 61.9 (5.1%) 51.9 (31.8%) 3.68 (32.5%) 4.38 (5.8%) 4.18 (18.1%)
Stiff.ins./Ms (2 tests) 68.4 (13.6%) 62.1 (14.1%) 72.5 (45.2%) 4.37 (41.4%) 3.77 (9.7%) 4.12 (19.8%)
Flex.ins./Ms (2 tests) 74.8 (0.5%) 68.4 (0.8%) 78.4 (9.1%) 3.68 (4.7%) 3.21 (3.7%) 3.71 (8.1%)
Unins./Cs (2 tests) 79.6 (4.8%) 40.6% 70.7 (3.8%) 43.1 (11.7%) 2.87 (39.1%) 4.79 (46.8%) 5.05 (58.8%)
Stiff.ins./Cs (4 tests) 77.6 (6.1%) 23.0% 68.7 (3.9%) 46.4 (0.5%) 2.64 (6.7%) 3.90 (9.6%) 4.33 (6.1%)
Flex.ins./Cs (4 tests) 71.8 (4.6%) 19.7% 66.6 (5.0%) 45.9 (0.4%) 2.51 (6.3%) 3.59 (11.7%) 3.68 (3.3%)
Unins./Cs-v (1 test) 92.3 32.9% 76.3 41.6 26.7 44.0 42.3
Stiff.ins./Cs-v (2 tests) 123.7 (3.6%) 6.7% 114.3 (1.8%) 45.3 (1.1%) 5.46 (43.0%) 13.8 (43.6%) 14.9 (50.7%)

Table 3   Influence of insulation, 
vertical load and loading 
protocol on the results

Average results of 2 tests are considered for monotonic (Ms) and cyclic (Cs) tests for the uninsulated speci-
mens and average results of all the specimens with insulation for results of the insulated specimens (4 tests 
for monotonic shear tests (Ms), 8 tests for cyclic shear test (Cs), 2 tests for cyclic coupled shear and vertical 
loading tests (Cs-v))

Tests Comparison (ratio) Parameter

Fid dy du μ Kef K0.1–0.4

Ms: Insulated/uninsulated 1.05 1.34 1.45 1.09 0.80 0.94
Cs: Insulated/uninsulated 0.96 1.08 1.07 0.90 0.78 0.79
Cs-v: Insulated/uninsulated 1.50 5.85 1.09 0.20 0.31 0.35
Uninsulated: Cs/Ms 1.14 1.18 0.83 0.78 1.09 1.21
Insulated: Cs/Ms 1.04 0.95 0.61 0.64 1.07 1.02
Uninsulated: Cs-v/Cs 1.08 0.09 0.97 9.30 9.20 8.37
Insulated: Cs-v/Cs 1.69 0.51 0.98 2.12 3.68 3.73
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is not straightforward. For analysing the differences in the 
nonlinear stages of the response, further studies are needed. 
In the present study, only the hypothesis that the total load-
bearing capacity is increased could be confirmed.

Due to the frictional forces between the CLT panels, there 
was however a significant increase in the elastic and effective 
stiffnesses (Kef more than nine-times higher compared to the 
tests without a vertical load). Consequently, the ductility 
also was higher, since the displacement capacity was neither 
for uninsulated nor for insulated specimens affected by the 
introduction of vertical load. A significantly smaller stiffness 
increase was obtained in the case of the insulated specimens 
in comparison to the uninsulated specimen when the vertical 
load was applied. Besides the relatively large dispersion of 
results and the influence of idealization criteria, the smaller 
stiffness increase can be explained by the additional elastic 
shear and vertical deformation of the insulation.

With the high decrease in stiffness obtained with the 
insertion of insulation for shear response under vertical load-
ing a very large reduction in ductility was also obtained. 
For the induced vertical loading, the insulated specimens 
reached only 20% of the ductility of the uninsulated speci-
mens, while reaching similar ultimate displacements.

The comparison of shear test results for both uninsulated 
and insulated specimens in dependence of the loading pro-
tocol shows that while a small increase in the load-bearing 
capacity may be expected in case of cyclic loading, displace-
ment capacity can significantly be reduced. This implies that 
in order to assess the deformation capacity and the ductility 

of the connection in a way to ensure safe seismic design, not 
only monotonic but also cyclic tests should be conducted.

3.2 � Tensile response

The withdrawal of the screws from the floor panel and the 
large deformations of the angle bracket (Fig. 8a) were evi-
dent in all the tension/compression tests. The withdrawal 
was critical in three tests (Unins./Mt, Ins./Mt and Ins./
Ct), while in two tests, block shear failure in the CLT wall 
(Fig. 8b) and in two cases, net tensile failure of the CLT wall 
panel (outer lamination, Fig. 8c) occurred. Since block shear 
and net tensile failure modes of the wall panel presented in 
Fig. 8b, c are a result of tension perpendicular to grain load-
ing of the outer layer due to the horizontal orientation of 
the outer layers of the CLT wall panel (orthogonal to tensile 
loading), these modes may not have occurred if the CLT 
wall panel’s orientation had been in the vertical direction 
as it usually is in wall elements in CLT buildings. However, 
to confirm this, additional tests would be needed. In reality, 
such small width of the CLT panel also is rare. Nevertheless, 
the results show, that the connection should be improved for 
use in seismic areas to prevent brittle failures of the CLT, 
for example, by increasing the end distance of the screws in 
the CLT wall.

In Fig.  9, tensile force vs. displacement curves for 
monotonic and cyclic tension/compression tests (hyster-
esis envelope curves for the tensile part) are presented, 
whereas in Table 4 results of each test are summarized 

Fig. 8   Damage at failure in tension/compression tests: a withdrawal of the screws from the floor panel (back view of the specimen); b block 
shear failure in the CLT wall panel; c net tensile failure of the CLT wall
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together with its failure mode. Despite the relatively low 
number of tests the results indicate that the insulation 
has no significant influence on the tensile load-bearing 
capacity of the tested connection. The average Fmax of all 
specimens, where the net tensile failure of the CLT cross-
section did not occur, was 55.1 kN (CoV 4.6%). Similar 
maximum forces in both monotonic and cyclic tests on 
specimens with and without insulation were obtained. On 
the other hand, the changes in failure mechanism under 
tensile loading revealed that the capacity of the connec-
tion in the part of the CLT wall and in the part of the CLT 
slab are similar. Such response of the connection is not 
satisfactory for use in seismic areas, where the location of 
energy dissipation inside the connection should be prede-
termined and not influenced by other factors. The different 
failure mechanisms obtained also explain the high vari-
ation in the obtained ductilities summarized in Table 4. 
Higher ductility was obtained for the specimens where 

the withdrawal of the screws was the critical mechanism 
(average μ equalled 2.85 for withdrawal (CoV 18.3%) vs. 
1.87 for block shear CLT failure (CoV 6.1%)). The load-
bearing capacity of the connection in tension is therefore 
largely dependent on the type of CLT cross-section (thick-
ness and orientation of the laminations, no. of layers etc.) 
and the boundary conditions (distance of the angle bracket 
from the edge of the CLT wall). The decrease in the load-
bearing capacity for the same type of connection when net 
tensile failure occurred can amount to 15% (in the case of 
the uninsulated specimens).

Another significant difference that can be obtained from 
the tension/compression test is the average effective stiffness 
in tension, which was up to 45% lower for the insulated than 
for the uninsulated specimens. A possible explanation for 
the stiffness reduction is the additional rotation of the steel 
bracket enabled by the insulation underneath; during ten-
sile loading, the uplift causes a rigid rotation of the bracket 

Fig. 9   Comparison of the hys-
teresis envelopes of the tensile 
part of cyclic tension/compres-
sion tests and the results of 
monotonic tension tests

Table 4   Results of tensile load-
bearing capacity, deformation 
capacity and stiffness obtained 
in monotonic and cyclic tension/
(compression) tests

a withdrawal of the screws from the floor panel, b block shear failure of CLT wall panel outer laminations, 
c net tensile failure of CLT wall panel, Fmax tensile load-bearing capacity, ΔFmax,1–3/Fmax,1 strength degra-
dation in 3rd cycle compared to 1st cycle for amplitude displacements, at which maximum resistance was 
obtained, Fid idealized tensile load-bearing capacity, du ultimate displacement (at 80% of post-peak load-
bearing capacity), μ ductility, Kef effective stiffness (stiffness of the bi-linear curve), K0.1–0.4 elastic stiffness 
(secant stiffness at 0.1 and 0.4 Fmax)
a Strength degradation could for the maximum load-bearing capacity amplitude displacement cycles not be 
obtained due to brittle failure of the specimen in the 1st loading cycle

Test no. Test Failure 
mecha-
nism

Fmax [kN] ΔFmax,1–3/
Fmax,1 [/]

Fid [kN] du [mm] μ [/] Kef [kN/mm] K0.1–0.4 
[kN/mm]

1 Unins./Mt a 56.4 50.2 26.4 3.47 6.60 6.18
2 Ins./Mt a 56.0 52.0 35.0 2.19 3.25 3.23
3 Unins./Ct c 48.7 8.9% 48.9 15.9 1.76 5.40 5.26
4 Ins./Ct b 58.5 24.1% 55.3 34.3 1.75 2.83 2.78
5 Ins./Ct b/c 52.8 9.8% 49.0 32.4 1.98 3.00 3.17
6 Ins./Ct c/b 57.6 /a 54.3 22.5 1.33 3.20 3.17
7 Ins./Ct a 51.5 19.6% 45.6 31.3 2.88 4.19 4.72
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that is impeded by the screws and the floor panel for the 
uninsulated specimen, while for the insulated specimens, 
the insulation layer enables additional rotation due to the 
compression of the insulation.

Regarding the type of insulation, the only distinct dif-
ference in the behaviour was in the deformation of the flex-
ible and stiff insulation under compressive loading, which 
can be seen in Fig. 10, where force–displacement diagrams 
obtained in cyclic tests of two specimens are compared.

The results show that despite the fact that the connection 
can withstand both shear and uplift forces, its design could 
be improved for its use in the seismic regions, thus to have a 
more controlled and predefined failure mechanism. To pre-
vent the block shear failure under tensile loading (and even 
to enable higher uplift displacement in case of rocking in the 
structures), the height of the wall flange of the bracket could 
be increased as well as the end distance of the bottom row 
of screws. This should be done especially when insulation 
under the CLT walls is used, since it additionally reduces 
the end distance of the screws in the CLT. For the tested 
connection, the end distance is approximately 6dsc, which is 

a limit end distance for self-tapping screws in CLT side face 
as recommended by Ringhofer et al. (2018).

It was assumed in the experiment that the angle bracket is 
loaded purely in tension and compression—as a replacement 
of a classical hold-down. In reality, however, the intended 
use of such angle bracket is always in shear and tensile load-
ing combined. The test method used here is therefore used 
only as an indication of the possible mechanism when the 
tensile load is predominant. Future investigations of differ-
ent CLT wall layups and different combinations of vertical 
and horizontal loads are necessary. A more appropriate test 
method (closest to the real stress state in the connection) for 
obtaining the nonlinear response of the connection would be 
the in-plane racking tests of the CLT wall system.

3.3 � Energy dissipation and strength impairment

Another important parameter that characterizes the per-
formance of structural elements under seismic loading is 
the energy dissipation. For the conducted cyclic shear and 
cyclic tension/compression tests the energy dissipation was 
evaluated for each cycle of the force–displacement hyster-
esis curves. The dissipated energy of a loading cycle EDIS 
is represented by the area within one complete hysteresis 
loop (Fig. 11a), but since EDIS depends on the lateral dis-
placement, it was evaluated relatively in comparison to 
the input energy EINP, defined as the work of the actuator 
needed to deform the connection up to the maximum ampli-
tude displacement (the area below the part of the hysteresis 
loop where the absolute value of displacement is increas-
ing, see Fig. 11a). Commonly used to evaluate the energy 
dissipation is the equivalent viscous damping coefficient ξ 
(Chopra 1995), for the evaluation of which the input energy 
is differently defined (E*

INP in Fig. 11b). For a comparison 
of EDIS/EINP and ξ obtained in the cyclic shear tests, the 
results presented in Fig. 12a, b were obtained by considering 
both directions of loading in order to take into account the 
unsymmetrical performance in the two directions of loading. 
It should be noted that the results of EDIS/EINP and ξ for the 
cyclic tension/compression tests (in Fig. 13a, b, respectively) 
are shown in terms of the amplitude displacements in the 

Fig. 10   Force–displacement curves for cyclic tension/compression 
tests (Ct) of specimens with stiff (Stiff.ins.) and more flexible (Flex.
ins.) insulation bedding

Fig. 11   a Dissipated EDIS and 
input energy EINP of one load-
ing cycle; b dissipated EDIS and 
input energy EINP* of one 
loading cycle considered for the 
calculation of the equivalent 
damping coefficient ξ



702	 European Journal of Wood and Wood Products (2021) 79:691–705

1 3

tensile direction of loading and that for these comparisons, 
the specimens are divided with regard to their elastic proper-
ties and their material structure.

The results show that the energy dissipation under shear 
loading was, in general, lower in the case of the insulated 
specimens than in the case of the uninsulated specimens. 
The difference was very small for larger lateral displace-
ments, because the primary mechanism of the energy dissi-
pation was similar for the uninsulated as well as the insulated 
specimens; for shear tests with no vertical load, the main dis-
sipation occurred due to the deformation of the steel angle 
bracket and screws as well as the embedment and withdrawal 
of the screws. For smaller lateral displacements, the insu-
lated specimens dissipated less energy than the uninsulated 
specimens. This can be explained by the rocking of the wall 
panels due to the elastic deformation of the insulation bed-
ding, which prevented the embedment of the screws into the 

timber cross-section at smaller displacements and caused a 
more pronounced pinching behaviour, seen in the hysteresis 
curve in Fig. 4. With increasing displacement, the difference 
in relative energy dissipation is decreasing. The values of ξ 
for the first amplitude displacement cycles ranged between 
0.110 and 0.228 for the uninsulated specimens and between 
0.050 and 0.243 for the insulated specimens. The energy 
dissipation was decreased with cycle repetitions and was 
for the third cycles similar for the uninsulated and insulated 
specimens. For the third amplitude displacement loading 
cycles, the ξ values ranged between 0.073 and 0.110 for the 
uninsulated specimens and between 0.060 and 0.124 for the 
insulated specimens.

The vertical load proved to be beneficial in terms of the 
dissipated energy, since the additional energy was dissipated 
through friction. Especially for the uninsulated specimen, 
very high dissipation was obtained already for small lateral 

Fig. 12   a Dissipated vs. input energy ratio EDIS/EINP; b equivalent damping coefficient ξ for the 1st amplitude displacement loading cycles 
obtained in cyclic shear tests for uninsulated and insulated specimens (MCP – mixed cellular polyurethane, CCP – closed cellular polyurethane)

Fig. 13   a Dissipated vs. input energy ratio EDIS/EINP; b equivalent 
damping coefficient ξ, obtained in 1st amplitude displacement load-
ing cycles of the cyclic tension/compression tests and presented in 

dependence of tensile displacement amplitudes for uninsulated and 
insulated specimens (MCP – mixed cellular polyurethane, CCP – 
closed cellular polyurethane)
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displacements. For the first amplitude displacement cycles 
ξ ranged between 0.160 and 0.446 for uninsulated speci-
mens and between 0.079 and 0.323 for insulated specimens. 
For the third cycles, ξ ranged between 0.295 and 0.528 and 
between 0.079 and 0.452 for the uninsulated and insulated 
specimens, respectively. Only the results of the cyclic tests 
with the coupled vertical load confirm the difference in 
energy dissipation with regard to different cellular structure 
of the insulation material. Indeed, the mixed cellular struc-
ture of the elastomer provides more damping.

The energy dissipation was lower for the insulated speci-
mens in comparison to the uninsulated specimens also 
under tensile and compressive loading, which can again 
be explained by the additional rotation of the angle bracket 
due to the insulation in the case of the insulated specimens. 
While again the difference was substantial for smaller dis-
placements, it decreased with increasing displacements. The 
minimum and maximum ξ for the first amplitude displace-
ment cycles were 0.046 and 0.127 for the uninsulated speci-
mens and 0.018 and 0.063 for the insulated specimens.

The strength impairment was evaluated for every cycle 
in both directions of loading. In Tables 2 and 4, the average 
strength degradations ΔFmax,1–3/Fmax,1 obtained in ampli-
tude displacement cycles, at which maximum load-bearing 
capacities were achieved, are presented for shear and tensile 
tests, respectively. They are calculated as the difference of 
maximum resistance in the 1st and in the 3rd loading cycle, 
relative to the maximum resistance obtained (in the 1st load-
ing cycle). For the shear tests, ΔFmax,1–3/Fmax,1 was evaluated 
separately for each direction of loading (not necessarily at 
the same amplitude displacements) and average results of 
average ΔFmax,1–3/Fmax,1 for the two directions of loading 
are presented for insulated and uninsulated specimens. For 
the tensile tests, strength degradation at maximum resistance 
loading cycles is presented only for the tensile part of the 
loading. In terms of strength degradation, insulation proves 
beneficial since it evidently reduced the strength degrada-
tion for repeated loading at the amplitude displacements at 
which the maximum resistance was obtained. Also at lower 
amplitude displacements, average strength degradation was 
smaller for insulated than for uninsulated specimens; for 
pure shear (8.3% vs. 11.5%) as well as for coupled shear and 
vertical loading (4.1% vs. 5.8%) and tensile loading (6.1% 
vs. 11.6%).

4 � Conclusion

From the results of the experimental campaign the following 
conclusions can be drawn:

1.	 The damage mechanism of the CLT panels connected 
with the (insulated) steel angle bracket exhibited ductile 

behaviour under shear loading. Besides the deformations 
of the screws and the angle bracket, the damage mecha-
nisms were the embedment and withdrawal of the screws 
from the timber, mainly in the wall panel.

2.	 For tensile loading, the capacity of the connection in 
the part of the CLT wall and in the part of the CLT 
slab proved to be similar; different failure mechanisms 
occurred (withdrawal of the screws from the floor panel, 
embedment of the screws to the wall panel and in some 
cases block shear failure of the CLT wall panel), while 
the coefficient of variation for the connections’ load-
bearing capacity was low. The behaviour of the connec-
tion under uplift forces could be improved for its use in 
seismic regions to have a more controlled failure mecha-
nism in the predefined part of the connection. Brittle 
block shear failure of the CLT should by all means be 
avoided. For this, the flange of the angle bracket on the 
CLT wall could be increased together with end distance 
of the screws.

3.	 The obtained load-bearing capacities confirm that the 
connection is, besides the shear forces, able to withstand 
significant uplift forces due to the inclined self-tapping 
screws in the floor panel and can therefore also be con-
sidered as a hold down. However, a reduction in the 
load-bearing capacity is expected in case of shear-uplift 
interaction (Liu and Lam 2018). A compressive load 
in combination with shear loading increases the shear 
load-bearing capacity due to the resistance provided by 
the friction between the CLT elements. Since in real-
ity, with regard to disposition of the connectors both 
shear-uplift and shear-compression coupling effects are 
present in the connections when a CLT wall panel is sub-
jected to in-plane shear loading, the coupling effect on 
the entire wall panel anchoring system should be inves-
tigated through experimental tests of full size panels and 
included in the numerical parametric studies.

4.	 The insulation bedding under the bracket and in between 
the CLT panels was shown not to significantly influence 
the load-bearing and the displacement capacity of the 
system, neither under shear nor under tensile/compres-
sive loading.

5.	 The insulation reduced the stiffness characteristics of the 
system. While an average reduction of 22% of the effec-
tive stiffness was obtained for pure shear loading, a 45% 
reduction was obtained for the tensile loading. For pure 
shear loading, the difference in stiffness was the highest 
for small lateral displacements and should therefore by 
all means be considered for the analysis/design of the 
CLT structural system.

6.	 With the presence of the vertical load, a substantial stiff-
ness increase at shear loading was obtained due to the 
frictional forces and also other effects (e.g. compression 
of the CLT slab) for both the insulated and uninsulated 
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specimens. The increase was, however, higher for the 
uninsulated specimen, since for the insulated specimens 
the deformations of the insulation were present and ena-
bled additional rocking behaviour of the specimen.

7.	 The relative energy dissipation and equivalent viscous 
damping coefficient were, in general, lower for the 
insulated specimens than for the uninsulated speci-
mens, since the additional deformations of the insu-
lation caused change of hysteresis curve with more 
pronounced pinching. The difference in the energy dis-
sipation between them, however, decreased with increas-
ing displacements and repeated cycles of loading and 
no major differences are therefore expected in the case 
of a severe seismic loading. The applied vertical load at 
cyclic shear loading proved to be beneficial also in terms 
of dissipated energy, since additional energy was dissi-
pated through friction. In shear tests, the insulation also 
reduced the strength degradation with repeating loading 
cycles.

The obtained response of the small-scale, single, insu-
lated, steel angle bracket connection under pure shear load-
ing, tensile/compressive loading as well as coupled shear 
and vertical loading could serve as a basis for the prediction 
of the response of CLT panels connected with the developed 
insulated angle bracket connections instead of traditional 
hold downs and angle brackets. However, to confirm the 
results and have an even more in-depth understanding of the 
behaviour of the structural system, an experimental study 
with tests on full-scale CLT panels connected with multi-
ple steel angle brackets under different boundary conditions 
should be conducted and evaluated.
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