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A B S T R A C T   

The performance of structural timber connections is of utmost importance since they control the global response 
of the building. A ductile failure mechanism on the global scale is desirable, especially in the design of structures 
in seismic areas, where dissipative components in which ductile failure modes need to be ensured are considered. 
Therefore, the knowledge of possible brittle failure modes of connections is crucial. The paper investigates the 
brittle failures of laterally loaded dowel-type connections in cross-laminated timber subjected to tensile load in a 
lap joint configuration through experimental investigations and analytical estimations. A set of 13 different test 
series has been performed with fully threaded self-tapping screws of 8 mm diameter and different lengths (40 to 
100 mm) in cross-laminated timber composed of 3 or 5 layers (layer thickness range from 20 to 40 mm), giving 
rise to the activation of different brittle failure modes at different depths. Plug shear was among the most 
typically observed failure modes. A previously proposed model for the brittle capacity was applied to the tested 
connections at the characteristic level. As shown by the performed statistical analysis, the existing model is not 
reliable and mainly unconservative. A very low performance is observed (CCC = 0.299), but with a good cor
relation (c = 0.750) for the tests in the parallel direction. Further research work is required to improve the 
current model predictions and to gain a better understanding of the underlying resisting mechanisms.   

1. Introduction 

Nowadays, one of the best solutions for decarbonisation of the con
struction sector is to introduce more wood into building practices, which 
means that this material should not be used only for single-family 
housing, as was common practice in the 20th century. Consequently, 
there is a high demand for wood to be used in various types of structures, 
especially mid-rise (up to 10 storeys) and high-rise buildings (more than 
10 storeys) that are the predominant type of buildings in dense urban 
environments. With the development of high-performance engineered 
wood products (EWPs) such as cross-laminated timber (CLT), building 
with wood has enabled larger and taller buildings to be erected. How
ever, due to the relatively short period since emerging and imple
mentation of advanced EWPs and their new structural systems have 
been present on the market, the knowledge and experience using these 
materials for high-rise buildings is still limited. 

Particularly in the case of mid- and high-rise buildings, the 

performance of their structural connections is of utmost importance, 
since they control the global response of the building. However, the 
knowledge on the response of timber connections in CLT structures is 
still scarce and it mainly comes from the technical documents from 
commercial connection types, and proprietary connections, e.g. Euro
pean Technical Assessment documents (ETAs), technical sheets and 
others. Few works describe a general approach to determine the char
acteristics of CLT connections such as the load-bearing capacity and 
stiffness, see e.g. [1,2]. 

For general safety reasons, the occurrence of a ductile failure 
mechanism on the global scale of the building is desirable. This is the 
case especially in the design of structures in seismic areas, where 
dissipative components in which ductile failure modes need to be 
ensured are considered. Therefore, the existence of inadvertent brittle 
failure modes of connections can be of utmost importance. For structural 
design, the concept and use of an overstrength factor [3] is introduced, 
which intends to increase the difference in load-bearing capacity 
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between ductile and brittle failure mechanisms, so that a ductile failure 
is favoured. 

Recent works have been done related to the risk of brittle failure of 
connections in timber structures. In previous reports, connections have 
been found to be one of the main issues related to failure or damage to 
timber constructions (e.g. [4,5]). Works were done in the COST Action 
FP1402 to review existing models and to revise the understanding of 
practitioners of such problems [6]. It was found that most of them were 
not aware of the importance of brittle failure of connections [7]. Most of 
the related work on brittle failure of connections has been done on 
glulam (GL) and laminated veneer lumber (LVL) members [8–11], while 
corresponding research work on CLT elements appears to be very 
limited. Zarnani and Quenneville proposed an analytical model as a 
derivation of a previously proposed model, accompanied by some 
verification tests of connections in CLT elements [12]. 

The paper deals with experimental investigations and analytical es
timations of high-load bearing connections in CLT structures as a direct 
response to the problem of structural connections in high-rise buildings. 
The horizontal loads due to wind and earthquakes (in seismically active 
areas) increase with building size. Higher loads consequently demand 
better performing and efficient connections between the structural ele
ments to transfer the loads to the foundations and to assure the overall 
structural resistance and stability. Therefore, there is a need for new 
high-performance structural connections for tall timber and hybrid 
structures. There is furthermore a need for a set of structural design 
guidelines regarding which types of connections are suitable for 
different structural concepts and loading scenarios, how to execute the 
connections as well as how to computationally evaluate their load- 
bearing capacity. 

High performance (in terms of load-bearing capacity and stiffness) 
connections may reduce the overall safety of the structural system due to 
the introduction of possible brittle failure modes of the timber matrix 
which, in addition to a different structural response, reduce the pre
dicted load capacity due to a premature unexpected failure. Therefore, it 
is required to increase the knowledge on such brittle responses in CLT 
connections, especially in the case of hold-down connections, which are 
subjected to a combination of tensile and shear loads. The paper in
vestigates the brittle failure of dowel-type CLT connections with self- 
tapping screw fasteners subjected to tensile load, which may be regar
ded as the usual design condition for hold-down connections. 

This paper is organized as follows: Section 2 presents some of the 
existing knowledge on the brittle failure of CLT connections; Section 3 
presents the test campaign on CLT connections, while Section 4 elabo
rates the application of existing models to these tests. 

2. Brittle failure of cross-laminated timber connections 

The design of CLT connections is not yet considered within codes and 
standards normative in the European framework, as CLT is not yet 
covered as a product in the current Eurocode 5 [13]. The design of CLT 
connections is already considered in the American [14] and Canadian 
regulations [15]. Additionally, practitioners [16] make use of several 
handbooks [17–19] and the ETAs from the CLT and fastener producers 
(e.g. [20–22]). 

The dominating existing design philosophy of connections aims at 
ensuring a load-bearing capacity related to a ductile failure mode, to be 
achieved by a combination of two ductile mechanisms: development of 
plastic hinges in the fasteners and embedment failure in the timber 
element. The load-bearing capacity of the connection is then reduced by 
considering a group effect, by the use of a so-called effective number of 
fasteners, which relates to load distribution among fasteners, stress 
concentrations and the possible occurrence of brittle failure modes of 
connections. 

In the case of the Eurocode 5, the model for the effective number of 
fasteners considered mainly splitting failure [23]. In 2004, it was found 
necessary to include an informative annex to assess block shear failure in 

groups of fasteners, which remains in the current version [13]. In the 
future Eurocode 5, currently under preparation, a newly developed 
chapter will be dedicated to the brittle failure of connections. 

In the case of Canada [15] and New Zealand [24,25], dedicated 
models for the evaluation of load-bearing capacity regarding brittle 
failure modes of solid wood connections are already included in the 
design standards. However, in the Canadian standard [15], brittle fail
ure of connections in CLT elements is disregarded, by explaining that 
they are not expected due to the reinforcement induced by the cross- 
layers. 

Possible brittle failure modes are block shear, plug shear, row shear, 
step shear, or net tensile failure. Several models for the brittle failure of 
connections have been developed for the different possible failure 
modes in solid timber connections [8,9]. They all define the load ca
pacity for each of the failure planes, and then consider different com
binations for the obtention of the resulting load-bearing capacity of the 
connection concerning brittle failure. However, due to the load distri
bution among adjacent layers within a CLT element, that is, the rein
forcement obtained by the cross-layers, these models cannot be directly 
applied to CLT. 

A typical connection in CLT structures consists of a 3D-steel plate (i. 
e. hold down or steel angle bracket), which is connected to the timber 
elements using small-diameter partially penetrating fasteners, such as 
screws, anchor nails, or rivets (Fig. 2). Hence, expected brittle failure 
modes relate to different modes of the failure commonly referred to as 
plug shear failure, which involves the associated failure onset of three 
different planes, related to different mechanisms: head tensile, lateral 
shear, and bottom shear, which are defined by the perimeter of the 
connection area. 

The model from Zarnani and Quenneville [26], though originally 
developed for glulam and LVL, was expanded to consider connections in 
CLT [12]. This model considers six different failure modes for plug shear 
(see Fig. 1); partial failure of the outer layer (A), total failure of the outer 
layer (B), first layer and partial second (C), first and second (D), addi
tional third layer partial (E), complete third layer (F). The different 
failure modes A-F are assumed to be related to the effective length of the 
fastener, that is, to the considered penetration of the fastener in the 
layers (obtained from a beam on elastic foundation model). 

Additional failure modes (also shown in Fig. 1) may appear for these 
connections: step shear, in which the torn-out block corresponds to the 
whole width of the panel, and the net tension failure of the complete CLT 
cross-section. 

The model is a stiffness-based model, in which the load-bearing ca
pacity is obtained based on the force distribution obtained by consid
ering the stiffness of the involved failure planes. 

As main model assumptions, the contributions from the lateral 
planes are dismissed (as there is no control on the positioning of the 
unbounded interface of the parallel boards), and only the bottom and 
head planes are considered. 

Two different bottom planes are considered (see Fig. 1): the adjacent 
shear planes (a) between the top parallel layer and cross layer below, 
and the bottom shear plane (d) in the cross-layer. The reinforcing effect 
of the cross-layers which contribute to transferring the load to the 
adjacent outer and inner parallel laminations is considered in the cor
responding formulation of the bottom planes. 

Different considerations on the stiffness of the failure planes, related 
to the assumed load distribution within adjacent layers, are used, 
depending on the fastener penetration depth. Not all the previously 
described planes are always considered: mode A involves only bottom 
and head planes, while mode F, only head and adjacent ones. 

After obtaining an initial failure mode, the model needs to be 
recalculated again, dismissing the already failed plane, to verify whether 
the residual planes may resist a higher load. Moreover, in the case of 
failure modes involving the second cross-layer, after the failure of the 
head plane, the resulting capacity cannot be greater than that obtained 
from considering a failure mechanism of the torn-out timber block as a 
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virtual connection to the plate, calculated from the yielding capacity of 
the fastener and the rolling shear resistance of the bottom plane (this 
mechanism is called herein as yielding-rolling). The reader is referred to 
[12] for a more detailed description of the model, including the appli
cable equations. 

Comparison between experimental findings, regarding load-bearing 
capacities and failures modes, and predictions according to the model 
are presented in Section 4. 

3. Tests campaign and results 

3.1. Materials 

The tests presented in the paper have been performed in the Labo
ratory for Structures of the Slovenian National Building and Civil En
gineering Institute. To study brittle failure modes of dowel-type CLT 
connections, a set of 13 different test series has been tested, see Table 1. 
Four different types of CLT were used. Two of them were narrow-edge- 
bonded [21]: 3-layered (layup 30–40–30 mm) and 5-layered (layup 
40–20–20–20–40 mm). The two remaining types of CLT were unbonded 
on the narrow edge [22]: 5-layered (layup 20–20–20–20–20 mm and 

Fig. 1. Different possible failure modes of plug-shear failure of CLT connections (modified after [12]).  
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33–20–33–20–33 mm). According to the technical specifications sup
plied by the producers, all four types of CLT were manufactured from 
softwood (European spruce or similar) timber boards of strength class 
C24 and glued together with one-component polyurethane adhesive. 

Fasteners used in the study were carbon steel fully threaded self- 
tapping screws with a diameter of 8 mm and a characteristic yield 
moment My,k = 20 Nm (declared by the producer in its technical in
formation) [20]. Three different screw lengths were used (40, 60 and 
100 mm). 

The steel plates were of dimensions 208 × 800 × 8 mm and a steel 

grade S355 (characteristic yield strength fy,k = 355 MPa). The hole 
pattern was the same for all test configurations and was designed ac
cording to the provisions of Eurocode 5 [13] (Fig. 2). 

3.2. Specimens 

Dowel type connections are usually designed to achieve a ductile 
failure mode by yielding of the dowels or the connecting steel plate. 
However, for this study, the connections were designed such that dowel 
yielding should be limited to be able to analyse the possible brittle 

Fig. 2. Test set-up and test specimen with denotations.  

Table 1 
Basic characteristics of the specimens used in the experiments.  

Test series Number 
of tests 

w [mm] t [mm] l 
[mm] 

a4 [mm] CLT layers [mm] α 
[◦] 

ls [mm] Lateral 
support 

Moisture 
content  

[%] 

Density [kg/ 
m3] 

AB1 6 245 142 1228 34 40–20–20–20–40 0 40 no  14.6  469.2 
AB2 6 250 142 1498 37 33–20–33–20–33 0 40 no  14.6  442.1 
CD1 7 250 101 988 37 20–20–20–20–20 0 40 yes  12.9  445.8 
CD2 7 251 101 1201 37 30–40–30 0 60 yes  15.0  468.1 
CD2_90 6 248 101 1200 37 30–40–30 90 60 yes  14.2  481.4 
CD3 6 500 101 1199 162 30–40–30 0 60 yes  13.3  470.9 
CD3_90 3 500 101 1200 162 30–40–30 90 60 yes  13.3  460.6 
CD4 6 743 101 1198 283 30–40–30 0 60 yes  14.0  472.7 
CD5 6 250 140 1200 35 33–20–33–20–33 0 60 yes  15.0  429.8 
CD5_90 8 250 140 1200 35 33–20–33–20–33 90 60 yes  14.7  438.5 
EF1 4 250 100 1000 35 20–20–20–20–20 0 100 yes  13.0  454.6 
EF2 6 250 140 1200 35 33–20–33–20–33 0 100 yes  15.8  414.8 
EF3 3 500 140 1200 165 33–20–33–20–33 0 100 yes  12.3  434.4 

Notations: w = CLT width (average value for all specimens), t = CLT thickness (average value for all specimens), l = CLT length (average value for all specimens), a4 =

edge distance of the screws (average value for all specimens), α = angle between the tensile load and grain of the boards in the outer layer and ls = screw length 
(nominal value). 
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failure modes. This approach was adopted to determine the weak points 
and the upper load-bearing capacity for the considered dowel-type 
connections. The findings from Zarnani and Quenneville [12] were 
used to design the test specimens. 

Steel plates were connected by 60 screws to the CLT elements at the 
top and bottom sides according to the basic configuration depicted in 
Fig. 2, where also the spacing of screws is shown; a1 = 64 mm, a2 = 16 
mm, a3 = 48 mm and a4 = 34–283 mm (depending on the CLT width). 
The specimens varied in terms of their width (w), CLT layup, orientation 
of the boards in the outer layer measured in relation to the tensile load 
(α) and screw length (ls). Basic characteristics of the specimens are 
shown in Table 1, where the dimensions w, t, l and a4 are given as 
average values of all specimens within the respective test series. Mois
ture content was determined by electrical resistance method using a 
handheld (EN 13183–1:2002/AC:2003) metre on three locations for 
each specimen, and mean values for all test configurations are provided 

in Table 1 accordingly. Similarly, a mean value of density (based on the 
measured self-weight) is given for each configuration separately. Three 
to eight specimens were tested for each test configuration, and alto
gether 74 tests were performed. 

For the selected pull-pull test configuration, in some cases (especially 
for CLT with thickness 100 mm) the specimens deformed also in the 
lateral direction at the middle of the specimen (up to 3 mm lateral 
displacement at high tensile load). To avoid the influence of load ec
centricity, a lateral support with a Teflon sliding bearing was used for all 
specimens, except for series AB1 and AB2 (CLT thickness 140 mm), 
where the influence of load eccentricity did not prove to be significant. 
The presence of lateral support is indicated for each test series in Table 1. 

3.3. Test set-up and protocol 

The connections were investigated using a pull-pull test configuration 

Fig. 3. Examples of failed specimens.  
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(Fig. 2) with nominally equal connections on both sides of the specimen. 
The monotonic tension tests were performed using a Universal testing 
machine Zwick Z2500Y under displacement control. The tests were 
conducted following the standard ISO 6891:1983 [27]. The displace
ments in each test were measured on the narrow surface of the specimen 
and additionally at 14 discrete points using a digital image correlation 
(DIC) system. All tests were recorded at a 5 Hz acquisition rate utilising 
two 12MPx CCD cameras. The relative displacement of each connection 
was determined as the difference between the displacement of the steel 
plate and the displacement at the middle of the CLT specimen. 

4. Results 

The performed experiments exposed several different failure modes, 
which were further documented and analysed to assess the performance 
of the currently existing model [12]. The possible failure modes were 
identified descriptively, distinguishing between the following: row 
shear, plug shear, step shear, and net tension (tensile failure of the CLT 
gross cross-section), or their combinations. Additionally, capital letters 
(A-F) are used to indicate where the failure occurred as described in [19] 
and shown in Figs. 1 and 3. The failure modes were predicted prior to the 
experiments based on the length of the screws and the test series were 
named accordingly: series AB (mode A and B), series CD (mode C and D), 
series EF (mode E and F), where the possibility of complete tensile 
failure was not included in the naming. 

As expected, all of the tested specimens failed in a brittle manner, but 
not always in plug-shear, which was the only mode given in the previous 
work [12]. Although plug shear was the most representative failure 
mode, this failure mode occurred in combination with row shear for 
some specimens (Fig. 3). In series EF1 a net tensile failure of the CLT 
cross-section (Fig. 3) occurred. For specimens with perpendicular to the 
grain orientation (α = 90◦), step shear was reached (series CD2_90, 
CD3_90 and CD5_90). 

In Fig. 4 all load–displacement curves are shown, where the response 
is given jointly for both connections (on each side of the specimen) in a 
single curve. The load–displacement curves indicate that in most cases a 
sudden drop of the load was obtained after reaching the load-bearing 
capacity. This proves that the response of connections is brittle, 
although in some test series plastic deformation of the screws occurred 
prior to failure. In the elastic state, the two connections of each specimen 
reach approximately the same relative displacement at equal force. 
Nevertheless, for the calculation of stiffness, a mean value of stiffness 
was determined for each specimen from the two connections on each 
side (Table 2). 

In most of the tests, and as shown by the resulting ductility indexes, 
brittle failure happened after yielding of the fasteners began, so it should 
be considered that brittle failure occurred in the mixed range, with 
ongoing yielding of the fastener. 

In some test series, two different failure modes were observed, either 
row shear or plug shear failure. Specimens with row shear failure 
experienced a higher ductility than specimens with plug shear, which 
may be observed in the load–displacement curves as a non-linear part of 
the curve (Fig. 4). As brittle failure relates to the failure of the timber 
matrix, dispersion of the results is expected and may be observed. 

Table 2 summarises the results of the performed tests: mean ultimate 
load value FT, stiffness k10-40 – obtained according to EN 26891 [27] as 
secant stiffness between 10% and 40% of the ultimate load Ft, ductility 
index Df – as defined in EN 12512 [28], the corresponding COV between 
the specimens in each configuration, and the most common failure 
modes achieved on each configuration are provided. For some test se
ries, all specimens failed in the same manner while two or more failure 
modes were observed within other test series. 

In those series where a comparable test series with loading in the 
perpendicular direction was performed (e.g. CD2, α = 0◦; and CD2_90, α 
= 90◦), the difference is noticeable already by comparing the 
load–displacement diagrams. In general, the perpendicular to the grain 

specimens (α = 90◦) reached much lower load-bearing capacities (cca. 
35–40%) than the comparable specimens with α = 90◦. Similarly, also 
the stiffness values of the 90◦ specimens were much lower than for the 
0◦ specimens (cca. 50% lower). 

Since two nominally equal connections were tested simultaneously 
for each specimen, while only one of them failed, a probabilistic model 
was used to obtain the mean values (Ft,mean) and CoV for the ultimate 
load-bearing capacity values, considering the response of both simul
taneously tested connections, but where just one of them fails. Hence, 
each test has been considered as a series system composed of two Wei
bull components (the two connections) with a common exponent c 
(since the two connections are nominally equal), where one of them has 
failed. The system capacity may then be expressed as. 

R(x) = exp
(

−

(
x

asys

)c )

, (01)  

where asys is the parameter for the system of two connections, defined by 
asys =

a
21

c
, and a is the parameter for a single connection [29]. 

The characteristic load-bearing capacity values (Ft,char) were calcu
lated according to the recommendations in the EN 14358:2016 [30]. 
Due to the low coefficient of variation (Table 2) for the mean values of 
the load-bearing capacity (CoV < 15%, except for CD3_90), the calcu
lation for the characteristic values was simplified, and a normal distri
bution was assumed: 

Fk = Ft − ks(n)sy (02)  

where Ft is the mean value (Table 2), ks statistical factor for determining 
the 5% quantile for the one-sided 75% confidence level, n number of 
specimens (twice the number of tests), and sy the standard deviation. It 
should be considered that, especially for those test series with a rather 
small number of test samples (e.g. CD3_90, EF1, EF_3) the precision and 
significance of the calculated characteristic values is rather limited. 

From the results presented in Fig. 4 and Table 2, several important 
conclusions can be drawn:  

● The increase of the specimens’ width substantially increased the 
load-bearing capacity, while the elastic stiffness did not change 
significantly (Fig. 5). The increase of the width from 250 mm (series 
CD2) to 750 mm (series CD4) caused an approximate 45% increase in 
the load-bearing capacity, whereas the elastic stiffness increased by 
only 8%. A similar trend is noticeable also when comparing series 
EF2 to EF3, where the width of the specimen changed from 250 mm 
to 500 mm.  

● A significant direct relationship may be found between the screw 
penetration length and the resulting connection stiffness. A stiffness 
increase of 70% is noticed between comparable series CD1 and EF1 
(40 mm and 100 mm screw length), and series AB2 and CD5 (40 mm 
and 60 mm screw length), respectively. However, when comparing 
CD5 and EF2 (60 mm and 100 mm screw length) very similar results 
in terms of stiffness are obtained.  

● However, a less significant increase in the load-bearing capacity is 
observed when these comparable series with different screw lengths 
(CD1 and EF1; AB2 and EF2) are considered, being just around 15%. 
The failure mechanisms of AB2 and EF2 series were similar, being the 
difference in the position of the bottom failed plane. In the case of 
test series AB2 and CD5 (same CLT type, but CD5 had screws of 60 
mm length instead of 40 mm as in the series AB2) there was no 
significant increase, in both of which just one parallel layer is acti
vated. In Fig. 5 the difference between the load-bearing capacity of 
short screw specimens (AB2) and long screw specimens (EF2) with 
comparable CLT is presented.  

● As seen also from the load–displacement diagrams (Fig. 4), the 
different orientations of the outer layer substantially influenced both 
the stiffness and the load-bearing capacity. This can be seen by direct 
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Fig. 4. Load-displacement diagrams of the performed tests for all test series. *Note: total displacement refers to a relative displacement of both connections, 
measured between both steel plates. 
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comparison of the series CD2 to CD2_90, CD3 to CD3_90 and CD5 to 
CD5_90. The decrease of secant stiffness is approximately the same 
for all test series. The stiffness k40-90 was reduced by 60–70% in 
comparison to the elastic stiffness k10-40.  

● The average ductility Df of the specimens was around 1.5, except for 
the series EF3, where the obtained ductility is higher. However, this 
test series consisted only of three nominally equal tests and showed a 
large CoV.  

● The influence of the different CLT layups on the connection response 
was not straightforward to interpret. From the tested specimens, it 
can be concluded that the elastic stiffness does not notably change 
when different CLT layups are used for the same connection (in terms 
of screw placement and screw length); less than 3% difference was 
found between series AB1 and AB2 and less than 10% difference 
between CD2 and CD5. On the other hand, the different CLT layups 
influenced the load-bearing capacity, depending on the penetration 
length of the screws with respect to the individual layers. The load- 
bearing capacity of series AB2 is reduced in comparison to AB1 since 
the failure mode changed – the specimens failed also along the glued 
surface between the first and the second layer (in addition to mode A, 
also mode B failures occurred). The same trend of load-bearing ca
pacity reduction was obtained in the case of series CD5 in relation to 
CD2.  

● The influence of CLT with edge-glued laminations compared to CLT 
with non-edge glued laminations is difficult to obtain from the per
formed experiments, since there are no directly comparable test se
ries. To some extent, series AB1 and AB2 could be compared, 
however, the two CLT layups are quite different. The higher capacity 
for AB1 could indicate that specimens with glued edges may reach 

higher capacity due to the glued narrow edges of the laminations and 
not only due to the difference in the CLT layout. 

4.1. Model assessment 

As explained above, most of the existing models for assessment of the 
brittle failure of connections are not appropriate for CLT connections, 
mainly due to the reinforcing effect produced by the cross-layers. The 
model from Zarnani and Quenneville [27] was adapted to CLT [19], and 
it is the one used in this section for the assessment of the performed tests. 

The values for timber strength and stiffness properties used as input 
for the models, shown in Table 3, were chosen from those declared by 
the producers in their technical specifications [21,22], corresponding to 
the given CLT with C24 outer layer (according to EN 338:2016 [31]; 
coniferous-softwood species, i.e. Picea abies; with a characteristic 
bending strength of 24 MPa). 

The current model for ductile failure (European Yield Model, EYM), 
was applied as well, based on the proposals given by practice literature 
[2,17–19]. It must be clarified that the required embedment strength 
values are obtained from the declared characteristic density of the 
timber strength class [31], and assumed to be the same irrespective of 
the angle between force and fibre direction (that is, no influence of the 
layer orientation is considered). As a consequence, connections 
perpendicular to grain are predicted with the same ductile capacity as 
those parallel connections comparable to them. 

Table 4 and Fig. 6 show the comparison of the model predictions 
against the characteristic experimental results. Additionally, values 
obtained by means of the European Yield Model are plotted, not 
including (fastener yielding onset) and including the rope effect 

Table 2 
Results obtained for all test series.  

Test series Ft,mean [kN] CoV [%] Ft,char 

[kN] 
k10-40 [kN/mm] CoV [%] k40-90 [kN/mm] CoV [%] Df 

[-] 
CoV [%] Failure mode 

AB1  260.8  8.9  200.7  64.7  17.3  23.8  11.5  1.47  10.0 Mode A, Row/Plug 
AB2  236.7  8.8  181.5  66.7  27.5  25.3  25.2  1.37  29.0 Mode A & B, Row/Plug 
CD1  190.2  4.4  103.7  96.4  12.1  33.7  23.6  1.49  12.8 Mode C & D, Plug 
CD2  246.7  6.7  173.5  124.1  24.4  49.9  13.9  1.51  15.0 Mode C, Plug 
CD2_90  143.3  11.2  117.0  66.1  11.7  28.6  18.6  1.47  8.8 Mode C, Plug 
CD3  304.6  8.3  229.6  146.1  12.4  47.3  9.0  1.47  6.1 Mode C, Row/Plug 
CD3_90  196.8  29.0  181.0  77.8  8.9  31.9  5.0  1.49  3.5 Mode C, Plug 
CD4  358.1  8.8  274.3  134.3  15.8  50.6  15.9  1.52  5.8 Mode C & D, Row/Plug 
CD5  224.2  5.7  143.1  112.3  8.3  40.8  11.0  1.53  4.9 Mode C & D, Row/Plug 
CD5_90  145.5  8.8  112.5  66.7  13.2  26.9  22.2  1.43  5.7 Mode C, Plug 
EF1  224.9  4.9  124.2  166.2  20.6  53.9  11.5  1.41  13.5 Tensile specimen failure 
EF2  269.1  8.6  205.1  110.5  7.0  43.7  16.6  1.61  19.7 Mode E, Row/Plug 
EF3  286.7  11.7  229.7  173.5  27.7  51.5  12.7  2.26  44.1 Mode E, Row/Plug 

Notations: Ft,mean = mean ultimate load, Ft,char = characteristic ultimate load, k10-40 = secant stiffness between 10% and 40% Ft (elastic stiffness), k40-90 = secant 
stiffness between 40% and 90% Ft and Df = ductility index. 

Fig. 5. Comparisons between (mean) load bearing capacities as a function of specimen width (left) and screw length (right).  
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(produced only at large displacements of the connection). 
A statistical analysis considering different metrics was performed, 

whose results are given in Table 5. The used metrics allow for a 
comprehensive analysis of the response of the model, from overall 
performance by means of the coefficient of determination Q2 [32,33] 
(reliable threshold value 0.70 [34], and best values closest to 1) and the 
Concordance Correlation Coefficient CCC [33–35] (again, values close 

to 1 are the best ones, with a recommended threshold value of 0.85). The 
CCC is used as an alternative metric to the Q2, whose reliability has been 
questioned in the past [36,37]. Additionally, the mean relative error 
MRE (values around 10% are agreed as adequate), and its associated 
standard deviation SD are observed. The ability to provide a good cor
relation (independent of the quantitative prediction) is assessed by 
means of the rank correlation coefficient c [37] (values closer to 1 are 
the best), and the slope m of the linear fitting passing through the origin. 
The reader is referred to [10] for a more detailed description and dis
cussion of the used metrics. 

4.2. Parallel direction 

A simple inspection of both Table 4 and Fig. 6 shows how the pre
dicted ductile EYM capacity without the rope effect (fastener yielding 

Table 3 
Properties of the timber products used in this work, based on producer declared values [21,22].  

Lamination strength class ρm[kg/m3] E0,m [MPa] Gm[MPa] Gm,r [MPa] ft,0,k [MPa] ft,90,k [MPa] fv,k[MPa] fv,r,k [MPa] 

C24 380 12,000 690 50 14  0.12 4  1.8 

Notations: ρm = mean density, E0,m = mean modulus of elasticity, Gm = mean shear modulus, Gm,r = mean rolling shear modulus, ft,0,k = characteristic tension parallel 
to the grain strength, ft,90,k= characteristic tension perpendicular to the grain strength, fv,k= characteristic shear strength, and fv,r,k = characteristic rolling shear 
strength.  

Table 4 
Comparison of predicted capacities at the characteristic level: experimental results (FT,char), results of the brittle model (Fbr,pred), and ductile EYM capacity, considering 
(FEYM+Rope) and not considering (FEYM) the rope effect. Modes correspond to those shown in Fig. 1. Failed plane: d (bottom plane), h (head plane), a (adjacent plane), yr 
(yielding-rolling limit).  

Test series Test capacity 
FT,char 

Brittle model 
Fbr,pred 

Mode Failed plane Effective thickness teff EYM without rope ef. FEYM EYM with rope ef. FEYM+Rope  

[kN] [kN]   [mm] [kN] [kN] 

AB1 200.7 223.1 A d 30.2 121.3 176.1 
AB2 181.5 226.8 A d 30.2 121.3 176.1 
CD1 103.7 176.4 C d 30.2 121.3 176.1 
CD2 173.5 250.9 C yr 44.8 150.0 235.9 
CD3 229.6 250.9 C yr 44.8 150.0 235.9 
CD4 274.3 247.3 C d 44.8 150.0 235.9 
CD5 143.1 207.2 C d 44.8 150.0 235.9 
EF1 124.2 215.7 E yr 44.8 186.9 330.6 
EF2 205.1 270.9 E yr 64.0 186.9 330.6 
EF3 229.7 270.9 E yr 64.0 186.9 330.6 
CD2_90 117.0 250.9 C yr 44.8 150.0 235.9 
CD3_90 181.0 250.9 C yr 44.8 150.0 235.9 
CD5_90 112.5 179.5 C d 44.8 150.0 235.9  

Fig. 6. Comparison of the model predictions and the experimental results of the tested connections.  

Table 5 
Metrics for the model. Characteristic level.   

Q2 MRE SD m c CCC 

All tests  − 0.838  0.351  0.183  1.255  0.597  0.299 
Parallel dir.  − 0.352  0.283  0.133  1.200  0.750  0.394 
Perp. Dir.  − 8.511  0.659  0.306  1.601  0.000  0.092  
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onset) is usually lower than the characteristic observed capacity for the 
connection (whose failure mode was actually brittle). As discussed 
above, most of the test series featured some ductility. When the rope 
effect is considered, the obtained EYM capacity for test series AB and CD 
is lower than the maximum experimental values, while it is higher than 
the experimental range in the case of the EF series. 

In the case of the brittle model (which was developed for tests loaded 
in the parallel direction), it may be seen in Fig. 6 how the obtained 
values fall within the experimental values. However, they clearly sur
pass the experimental characteristic values up to 1.74 (EF1) and 2.14 
(CD2_90). Only in the case of CD4 the model gets a conservative value, 
close to the characteristic one. However, being this the test in the series 
with the highest width, the model predicts a very similar capacity to 
those with a reduced width. It may be inferred that the current model 
does not capture the width influence on the load-bearing capacity. 

All the predicted failure modes correspond to those in which failure 
happened at intermediate positions of the layers (modes A, C, or E), as 
observed in the tests. However, the model only accounts for plug shear, 
so the additionally observed row shear is not considered. 

The failure mechanism corresponds either to the bottom plane (AB1, 
AB2, CD1, CD4 and CD5) or the yielding-rolling limit of the head tensile 
plane. There are no failures due to the adjacent plane. 

Metrics in Table 5 confirm the general prediction ability of the model 
as quite poor. The overall performance (measured by Q2 and CCC) is 
much lower than the recommended thresholds, with even a negative 
value for Q2 (proof of a very deficient determination and high scatter). 
The obtained slope of the fitting line shows how the model tends to 
overestimate the brittle capacity. However, it features a good ability to 
capture the general relative trend, as shows the relatively good 0.750 
value of the c correlation rank coefficient. 

5. Perpendicular direction 

There were three test series with α = 90◦ (perpendicular to grain 
specimens) for Mode C (penetration in the second layer). Though the 
original model [12] is not applicable for such connections, a preliminary 
approach was done by modifying some parameters of the proposed 
equations for Mode C. The head tensile area was reduced to consider 
only the length of the fastener penetrating in the layer with laminations 
oriented parallel to the load, and the longitudinal shear strength, instead 
of the rolling shear strength, was considered for the bottom failure 
mechanism. 

Based on these modifications, the same trend as in the comparable 
parallel connections was observed. The failure was controlled by the 
yielding-rolling limit for CD2_90 and CD3_90, and by the bottom plane 
for CD5_90. Again, the predicted brittle capacity is higher than the 
experimental one. More importantly, the modified model shows neither 
a good correlation, nor a good prediction ability. All the metrics are 
worse than those obtained for the tests in the parallel direction. 
Unconservative results may be due to the fact that the model originally 
was not intended for this layer orientation and, therefore, even with the 
assumed modifications, some additional modifications should be made 
in the future. Moreover, the model does not include the observed step 
shear failure. 

Though not in the focus of this paper, the EYM values should be 
additionally discussed. The three tested connections have the same 
ductile capacity as the comparable parallel connections, since current 
practice literature [2,17,18] recommends using the same embedment 
strength regardless of the actual grain orientation. However, this leads 
to an overestimation of the ductile capacity as well. 

6. Conclusions 

The paper analyses the possibility of brittle failure modes for tensile 
loaded CLT with laterally-loaded screw connections, considering 
loading orientations both parallel and perpendicular to the direction of 

the laminations in the outer CLT layer. High-load bearing connections in 
CLT structures as analysed in this work would mainly be needed for 
hold-downs, where in most cases the connection is oriented parallel to 
the grain of the outer layer (α = 0◦), and mainly designed for tensile 
loads. 

The experimental results suggest that the load-bearing capacity of 
the connection increases with the width of the CLT specimen; e.g. a 45% 
increase was found between series CD2 (w = 250 mm) and series CD4 (w 
= 750 mm). However, increasing specimen width does not appear to 
affect the resulting elastic stiffness. The length of the screws was found 
to have a large impact on the elastic stiffness; e.g. an increase of more 
than 70% was found between 40 mm (series CD1) and 100 mm (series 
EF1) fastener lengths. The CLT layup does not seem to influence the 
elastic stiffness notably, while it influences the resulting load-bearing 
capacity, mainly concerning the penetration of the fastener into the 
different layers. 

Though brittle failure mainly happens after the fasteners have star
ted to yield, the ductility values are extremely low, around 1.5. Such 
connections with failure occurring in CLT, therefore, expose reduced 
capacity and ductility and are not appropriate for the design of struc
tures in seismic areas, where much higher local ductility is required in 
connections. 

Though typically the outer layer is oriented parallel to the load, in 
the case of CLT deep beams, CLT cantilevers, vertical connections be
tween CLT walls or special architectural demands, also the perpendic
ular to the grain orientation of the outer layer (α = 90◦) is possible. The 
results of the study, therefore, expose that it is crucial to recognize the 
even lower load-bearing capacities (around 60% for the brittle failure 
modes) in case of perpendicular to the grain orientation of the outer 
layer. 

The analytical model for brittle failure of CLT connections found in 
the literature [19] and used in this study mainly obtains unconservative 
results. Its prediction ability is quite low, with most of the analysed 
metrics much lower than the recommended thresholds. Only the cor
relation ability in the case of the parallel direction connections shows a 
good performance. A modified model was developed for its application 
on perpendicular connections, with even worse results. 

Moreover, the existing proposal, based on a stiffness model, is quite 
complex and cumbersome to apply. Future proposals should be devel
oped aiming not only at an improved prediction ability but also at a 
simpler formulation. 

Additionally, it has been shown how current assumptions in practice 
related to the embedment strength in relation to the fibre orientation 
should be reconsidered. 

CLT structures are commonly used nowadays. Due to their configu
ration with cross layers, it is commonly assumed that brittle failure 
modes in the connections are prevented. However, as shown in this 
work, it is not always the case. Further works are required to improve 
the understanding of the underlying mechanisms and improve their 
assessment. 

CRediT authorship contribution statement 
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