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A B S T R A C T   

This study investigates timber connections with flexible polyurethane adhesives, which prove to have the po-
tential for timber-adhesive composite structures without mechanical connections for seismic regions. Results of 
conducted cyclic double lap-shear adhesive timber joints tests were compared with available experimental re-
sults on timber connections with standard mechanical dowel-type fasteners and with results of numerical finite 
element analysis. The study found that the shear strength, elastic stiffness and strength degradation capacity of 
the flexible adhesive connections were significantly higher compared to mechanical fasteners commonly used in 
seismic-resistant timber connections. The latter, however, manifested larger ultimate displacements but also 
yielded at lower displacements.   

1. Introduction 

Mass timber, especially cross-laminated timber (CLT), is becoming 
an increasingly popular building material in Europe and across the 
world. The versatility of CLT has encouraged engineers to build from 
low to tall rise buildings. CLT panels perform in high stiffness, resistance 
to shear, tension and compression in-plane, and act in low ductility and 
dissipation of energy [1]. The connections between the CLT elements 
play a key role in ductility and energy dissipation of timber structures in 
addition to providing sufficient stiffness and strength between the 
structural elements and, thus, require special attention [2]. Therefore, 
the behaviour of CLT buildings during earthquakes depends mainly on 
the performance of connections between adjacent panels and other 
structural elements [3]. Several full-scale CLT building tests showed that 
damage and eventual failures during earthquakes are primarily localized 
in connections. When connections are too rigid, large accelerations can 
occur in the upper stories due to the lightweight nature of timber 
structures [4]. This may result in injuries to occupants and damage to 
property, which is not acceptable in terms of serviceability. Therefore, 
the structural system should be adapted by incorporating elements with 

sufficient strength and desired stiffness, which possibly reduces the 
structural damage through different energy dissipation mechanisms. 
This is typically achieved by applying mechanical dissipative connec-
tions that are installed in various parts of the structure, where de-
formations and, consequently, energy dissipation are desired. 
Furthermore, these elements are usually designed to have sufficient 
ductility to sustain extreme loads to prevent brittle failure of structural 
elements in case of extreme seismic events. They are usually not cost- 
effective or even feasible to design in order to sustain such high 
strength and displacement demands without significant damage. In 
addition to standard fastening solutions such as dowel-type fasteners 
(nails, screws, dowels) and metal connectors (hold-downs, angle 
brackets, nail plates), which cause plasticizing of timber under cyclic 
loads [5,6], several solutions for dissipative connections have already 
been suggested to improve the ductile response of CLT buildings [7–13]. 
These solutions have been mainly focused on mechanical connections 
with concentrated plasticity. In such systems, the dissipation is 
concentrated in a small area that must be very carefully designed to 
prevent damage to other parts of the structure. Moreover, plasticized 
connectors must be exchanged for new ones to continue the protection 
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of a structure. 
On the other hand, recent studies of adhesive bonding show several 

advantages. Adhesive connections can exhibit uniform stress distribu-
tion along the connection and, therefore, can reduce localized high 
stresses [14,15]. Mechanical fasteners may, on the other hand, cause 
undesired damage in the wood fibrous structure, introducing local stress 
concentrations [5,6], and cause bridging water into the wood structure 
[16]. In addition, they contribute to weight, cost, presence of corrosive 
elements and require additional machining operations [17]. Further-
more, damages caused by mechanical fasteners during ductile behavior 
of connections result in irreversible deformations of the structure, which 
may result in demanding and expensive repair after the earthquake. 
Elastic joining of structural elements and use of highly deformable ad-
hesives have been successfully used for flexible joints or fibre grids for 
seismic strengthening of reinforced concrete frames with brick masonry 
infills [18]. Such polyurethane-based flexible adhesives have been 
studied for increasing the ductility of existing structures by repairing 
composite-to-brick bond or concrete elements [19–21]. 

Studies related to timber have been looking at the use of flexible 
adhesives for improving bending resistance of beams [22,23], compar-
ison of rigid and flexible adhesives to connections with screws [24] and 
tensile loading performance of bonded timber elements with brittle and 
ductile adhesives [25] as well as studying the behaviour of joints for 
prefabricated timber structures [26] and repair of historical timber 
structures [27]. Recent innovation showed applications of polyurethane 
butt-joint bonding for structural timber bonding [28]. Shear character-
istics are usually decisive in the design of durable timber adhesive bonds 
[29,30]. For thin bondlines, the methods for shear testing are well- 
established and standardized [31], while on the contrary, flexible ad-
hesives are not commonly addressed from a mechanical perspective. 
Thick flexible adhesive bonds exhibit higher deformations, have better 
load transfer, and absorb more energy over impact events than rigid thin 
bondlines. Additionally, their damping capacity is beneficial since it 
reduces the transfer of noise and undesirable vibrations between timber 
elements, while the more uniform distribution of shear stresses in the 
thick adhesive bondlines can also result in better fatigue resistance [32], 
resistance to seismic action [18] and improved damping properties [33]. 
Bondline thickness and overlap length are important characteristics for 
the mechanical performance of joints with flexible adhesives. As re-
ported by Banea and Silva [34], increasing bondline thickness results in 
decreasing joint strength, while increasing overlap length improves ri-
gidity of the joint. Scale effect was proven in the case of NSM (near 
surface mounted) composite strengthening application with PS adhesive 
loaded in shear, where small-scale specimen tests on flexible adhesives 
[35] manifested lower effectiveness than the same system applied in 
large-scale specimens [36]. 

Characteristics of flexible adhesives indicate opportunities for ap-
plications in timber constructions for either mechanical or physical 
improvements. Therefore, the objective of this paper is to identify the 
potential of thick flexible adhesive bondlines as a dissipative connection 
in timber structures in seismic-prone areas as a possible addition or 
alternative to common traditional timber connections. Possibilities of 
innovative timber connections with thick flexible polyurethane adhe-
sives will be examined for application in seismic areas. These types of 
connections could serve as dissipative connections or high strength and 
high stiffness elastically deformable non-dissipative connections. One of 
the possible applications for such adhesives in CLT connections could be 
in vertical step joints between adjacent CLT wall panels, which behave 
with reduced stiffness but exhibit higher displacement capacity under 
cyclic loading compared to single layout monolithic CLT wall panels 
[37,38]. Large overlapping areas in step joints and dissipative capabil-
ities make this type of connection a good candidate for improvements 
with flexible adhesives. Increasing the number of coupled panels into 
smaller segments would allow more panel rocking movement during 
seismic events. Additionally, the application of timber connections with 
thick flexible polyurethane adhesives could serve for flexible glued-in 

rod connections in timber structures and other types of structural con-
nections such as steel-to-timber flexible connections and potentially 
even in structural glass-to-timber connections, where additional elastic 
flexibility with sufficient strength capacity would be desired. Further, 
secondary and non-load bearing elements in buildings that are sensitive 
to brittle failures during seismic events (such as large windows) could be 
additional field of application of these type of innovative connections in 
buildings. To verify such application, this paper fully describes the 
mechanical behaviour of thick flexible adhesive bondline exposed to 
monotonic and reversed cyclic loading. 

The study highlights the following goals: (i) evaluation of mechani-
cal characteristics of timber connections using three different flexible 
adhesives and two different bondline thicknesses obtained under 
monotonic and reverse cyclic loading; (ii) theoretical/analytical com-
parison of results to mechanical properties of standard dowel-type fas-
teners used in current CLT building applications; (iii) finite element 
model design for further investigation of bondline characteristics and its 
effect on the mechanical performance of flexible adhesive joints. 

2. Materials and methods 

2.1. Specimens and adhesives 

Double lap-shear wood samples were made from Norway spruce 
(Picea abies L.). First, the wood was cut into elements with dimensions 
30 × 35 × 200 mm (width × thickness × length) for middle parts and 20 
× 35 × 200 mm for side parts of the specimen. Surfaces of adherends 
were coated with SIKA ZP Primer as recommended by the producer [39]. 
After 24 h of drying, the primer, double lap-shear forms with targeted 
thickness gaps between the adherends and 100 mm overlap length were 
assembled. Gaps and open spaces in the specimen geometry were closed 
using blocks of extruded polystyrene to prevent the adhesive from 
leaking. The middle timber part of the double lap-shear specimen was 
increased in width by adding two smaller timber blocks to each side to 
provide a greater clamping area for testing grips. 

Three different types of two-component polyurethane-based adhe-
sives, originated from SIKA Poland, were used in this study. To evaluate 
the mechanical characteristics of the adhesives, 6 specimens of each 
were tested in tension with a 5 mm/min loading rate (Fig. 1). To derive 
the material model for the finite element (FE) model of lap shear, 
arithmetic mean curves (thick lines in Fig. 1) were transferred into 7–12 
stress–strain points. Adhesive PS has the highest modulus of elasticity 
but the lowest strength and elongation at break; PTS has a larger elon-
gation at break than PS but the lowest modulus of elasticity; PST ad-
hesive has the highest tensile strength and modulus of elasticity and 
elongation at break between PS and PTS (Fig. 1). 

For the construction of specimens for double-lap shear testing of 
timber connections with the flexible adhesives, all adhesives’ compo-
nents were precisely weighed according to the producer’s instructions 
on the component ratios and stirred together using a hand pistol and a 
mixing tool. The adhesive was poured into the double lap-shear timber- 
molds and dried for 24 h. No additional pressure was applied on the 
adherend. After the adhesive had hardened, the specimens were again 
planed to the final thickness of 30 mm and the excess adhesive on the top 
was removed to assure a plain surface. The specimens were stored in a 
climate chamber at (20 ± 2)◦C and (65 ± 5) % relative humidity for at 
least one week before the first test started. 

For each of the three selected adhesives (PS, PST, PTS), two different 
thicknesses (10 and 15 mm) were used, resulting in a total of 6 sample 
groups. A number of at least 4 repetitions for monotonic tests and cyclic 
tests for each type of adhesive and each bond-line thickness was chosen 
prior to the experimental campaign. For this, a limited number of 
specimens was produced in advance, and the tests were performed on all 
available specimens. In some cases, the specimen production was not 
successful due to out-of-factory conditions (non-uniform adhesive con-
sistency, trapped air bubbles in specimens, etc.), and therefore, the 

J.G. Pečnik et al.                                                                                                                                                                                                                                



Engineering Structures 247 (2021) 113125

3

specimens were not suitable for tests. To provide additional valuable 
information, such as the influence of the number of specimens on the 
variance of the mechanical properties, all suitable specimens were 
tested, and all the obtained results are presented in the paper. Therefore, 
4 monotonic tests and 4–8 cyclic tests were performed within each of the 
groups for a total of 55 double lap-shear tests (Table 1). 

The specimen labelling is uniform throughout the paper, indicating 
each group by type of adhesive, thickness (10 or 15 mm) and type of 
tests (“M” for monotonic, “C” for cyclic). 

2.2. Experimental test design 

Both cyclic and monotonic tests were performed on a universal 
testing machine (UTM) Zwick Roell Z050. The specimens were clamped 
with hydraulic grips on the top part (central element) and the bottom 
part (two side elements), applying 7.5 MPa side pressure, to prevent 
specimens from slipping. The top part of the specimen was fixed, while 
displacement-controlled loading was induced to the lower part with a 
loading rate of 5 mm/min. 

First, monotonic tests were conducted to further design cyclic pro-
tocol according to ISO 16670 standard [40], a reverse cyclic testing 
method for mechanically joint fasteners. Ultimate displacements from 
force-displacement (F-u) curves obtained from monotonic tests were 
used to determine cyclic steps. Ultimate displacement (vu-b) of the 
specimens, i.e., failure, was defined as the point where the force de-
creases to 80 % of the maximum force (Fmax). For each specimen group, 
average vu-b displacements from monotonic tests were used to deter-
mine group loading protocols. The test started when the specimen was in 
the neutral unloaded position, following the positive (downward) and 
negative (upward) direction. Loading protocol was strain-controlled 
over external linear position transducer (LPT) Novotechnik connected 
to a digital amplifier that was connected to UTM. Specimen setup during 
the testing phase is shown in Fig. 3. 

To fully characterize mechanical properties from cyclic test results, a 

procedure from EN 12512 standard [41] was combined with ISO 16670 
[40]. Elastic and plastic stiffness values, forces and corresponding dis-
placements at yield point, maximum strength point and failure point, 
and ductility values were for results of both monotonic and cyclic tests 
assessed following the EN 12512 procedure. For cyclic tests, equivalent 
viscous damping ratio and strength degradation were also calculated for 
each loading cycle (see Section 3). Additionally, average values of ul-
timate shear strain at the failure point (γu) were derived as a ratio be-
tween ultimate displacement (uu) and adhesive thickness (t), maximum 
shear strength (fmax) as a ratio between maximum force and the total 
bond area (A), and shear modulus (G) as a ratio between shear stress at 
the yield point (fy = Fy / A) and shear strain at the yield point (γy = uy / 
t). 

2.3. Numerical model 

The physical tests – double lap-shear – carried out on the UTM was 
modelled using finite elements (FE) implemented in software Ansys 19.1 
R1 (Ansys® Academic Research, Release 19.1) [42]. The specimen ge-
ometry, material composition and boundary conditions reflected the 
physical test on UTM, although the geometry was modelled as plane- 
stress with a defined thickness (Fig. 2). 

Both wood material and adhesive were modelled using solid 
quadratic finite element PLANE183. Wood was modelled as linear 
elastic orthotropic material, adhesives were modelled as hyper-elastic 
material using two-parameter Yeoh model (YM2), see Table 2. Param-
eters of YM2 were obtained by curve-fitting the spline curves that 
interpolated data given from the experiments (Table 2), parameters d1 
and d2 of YM2 were equal to zero for all adhesives. The curve fitting to 
YM2 was carried out in Ansys 19.1 [42]. 

The contact of wood with steel grips from the UTM was neglected as 
the boundary conditions were applied directly to the nodes of the 
wooden component. The connection between the adhesive and wood 
was defined as fully fixed, so no debonding was considered. The element 
size was set to 5 mm for wooden parts, but the adhesive element size 
reflected the thickness of the adhesive layer. The total number of ele-
ments/nodes was approximately 1100/3500 for a scenario with 10 mm 
thick adhesive. The geometrical model does contain right angles with 
infinitely small radii because stress and strain at corners was not ana-
lysed in our work. The FE model enabled us to perform a sensitivity 
study on the influence of adhesive thickness on resulting F-u response 
and stress distribution along horizontal and vertical paths cutting the 
specimen (see Fig. 2). 

Fig. 1. Stress–strain relationship of the tested PS, PST and PTS adhesives (mean values in bold).  

Table 1 
Double lap-shear test schedule (M – monotonic, C – cyclic).  

Name Adhesive thickness [mm] No. of tests(M/C) 

PS-10-M PS-10-C 10 4/4 
PST-10-M PST-10-C  4/5 
PTS-10-M PTS-10-C  4/8 
PS-15-M PS-15-C 15 4/4 
PST-15-M PST-15-C  4/6 
PTS-15-M PTS-15-C  4/4  
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3. Results and discussion 

3.1. Failure mechanisms 

Initial deformations were, as expected, a result of elastic shear de-
formations of the adhesive due to considerably higher flexibility of the 
adhesive in comparison with wood. In general, four different failure 
scenarios were observed, as presented in Fig. 3. In most cases, failure 
occurred in the area between adherend and adhesive as a consequence of 
debonding at the interface between wood and adhesive. 

In both testing regimes, the adhesive peeled from the adherend 
either on the edge of the inner or the edge of the outer side of the ad-
hesive bond. It was also often observed that the peeling started on the 
top of adherend in either the inner or outer side and propagated to a 
certain length and then further propagated on the opposite side until 
significant stress reduction occurred (Fig. 3a, 3b). Particularly under the 
cyclic test, the peeling was also present on the bottom side of the 
adherend under compression loading of the specimen (positive direc-
tion). Under cyclic loading, the peeling in the middle adherend propa-
gated with every cycle and with every increase in displacement step. 
Thicker (15 mm) PTS and PST bondlines often also exhibited failure in 
the adhesive (Fig. 3c). Rarely, brittle failure occurred in wood in the 
central or side component due to exceeded strengths combined by ten-
sion perpendicular to grain and shear parallel to the grain. This was 
especially caused by eccentricity in loading in the latter phase of the test, 
where unequally peeled adhesive on either side of the sample caused 
slight rotation of the timber elements (Fig. 3d). In such cases, specimens 
were eliminated from further analyses. 

Fig. 2. Finite element mesh for adhesive bonds of 10 mm and 15 mm thickness, 
including defined paths and boundary conditions of nodes in red rectangles. 
Colours represent different material (wood vs. adhesive). 

Fig. 3. Four typical types of failure: peeling on the side of the middle adherend (a), peeling on the side of a side adherend (b), dissipative adhesive failure (c), brittle 
failure in the adherend (d). 

Table 2 
Material properties used in FE analyses.  

Material Orthotropic elastic 

Spruce* EL = 14850 MPa, ER = 352 MPa, ET = 289 MPa, GLR = 573 MPa, 
GRT = 53 MPa, GLT = 474 MPa, νLR = 0.023, νRT = 0.557, νLT = 0.014 [-]  
Isotropic hyperelastic Yeoh model 

parameters  
Strain/Stress [-/MPa] C10 

[MPa] 
C20 
[MPa] 

PS 0/0.022, 0.05/0. 938, 0.1/1.555, 0.15/1.984, 
0.2/2.257. 0.25/2.4316. 0.3/2.531 

− 2.977 − 2.812 

PST 0/0.0173, 0.1/0.933, 0.2/1.541, 0.3/2.025, 
0.4/2.392, 0.5/2.645, 0.6/2.838, 0.7/3.001 

1.578 − 0.241 

PTS 0/0.0173, 0.1/0.840, 0.2/1.321, 0.3/1.701, 
0.4/1.983, 0.5/2.168, 0.6/2.286, 0.7/2.377, 
0.8/2.466, 0.9/2.554, 1/2.641, 1.1/2.727, 
1.2/2.816, 1.26/2.869 

1.167 − 0.092 

E, G, and ν denote normal and shear moduli and Poisson’s ratio, respectively; 
Indices L, R, T stand for anatomical directions of wood – longitudinal, radial and 
tangential, respectively. * Data taken from [43]. 
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3.2. Monotonic tests 

Force-displacement (F-u) diagrams for three types of adhesive and 
both thicknesses are depicted in Fig. 4 with some notable differences 
visible for both thicknesses and adhesives. For all adhesives, a higher 
maximum force (Fmax) was reached for thinner bondlines. Displacement 
at Fmax (Dmax) grows in order of adhesives PS, PST, and PTS, respectively 
and also implies their hyper-elastic behaviour. Dashed lines in Fig. 4 
indicate results of FE analyses based on material data (Fig. 1). The 
relative difference (RD) of stiffness (Kel) between FE models and ex-
periments (Table 3) is given by RD = (XFEM/XEXP -1) * 100. The RD for 
PS, PST and PTS adhesives for both thicknesses (10 and 15 mm) is 
following: 54 and 39 %; 24 and 7.3 %, 14 and 38 %. It is clear that all FE 
models are overestimating Kel compared to experiments, which is due to 
a fact the experiments always contain certain imperfections in material 
and boundary conditions contrary to flawless FE models. Numerical 
prediction of bondline strength using Fmax and Dmax is complicated since 
FE models do not have adhesion strength between wood and adhesive 
defined, which showed to be a key factor reducing bond strength in the 
experiments. Besides that, FE models do not fail at higher thicknesses 
either due to tremendous strain at failure of the adhesives, so their 
comparison with experiments is very limited and omitted here. How-
ever, the simulated F-u curves exhibit clearly that predicted Fmax are or 
would be higher than experimental ones. To overcome the limitation of 
strength predictions of such FE models, one has to combine fracture 
mechanics models defined on an interface of wood and adhesive, 
together with presented hyperelastic material models. Nonetheless, 
even though this work showed importance in definition of fracture 
models to predict strength of such bonds, it was not aim of this work and, 
therefore, it is kept as a task for further research. 

In Table 3, average values of evaluated mechanical properties from 
monotonic tests for each specimen group are presented, together with 
standard deviation values and coefficient of variance. 

The highest elastic stiffness and shear modulus were achieved in PS 
adhesives, followed by PST adhesives, while the lowest stiffness was for 
PTS adhesive. With increased bondline thickness, the elastic and plastic 
stiffness were reduced by 25 %, on average, for all three adhesives. 
Among 15 mm thick bondlines, PS showed the highest stiffness. PTS-15 
showed the lowest stiffness, with an average of 45 % lower values 
compared to the PS-15 group, while PST-15 resulted in a 30 % lower 
elastic stiffness value compared to PS-15. Average strength capacities 
were found to be higher for 10 mm thick adhesives descending from 
PST-10, PTS-10 and PS-10 with 1.74 MPa, 1.71 MPa and 1.48 MPa, 
respectively. The difference in average strength capacity between PS, 
PST and PTS adhesives with 15 mm in thickness compared to 10 mm 

showed values decreased by 19 %, 32 % and 19 %, respectively. The 
achieved strength capacity values were significantly lower in all cases 
compared to the measured tensile strength values (Fig. 1). This can be 
attributed to the fact that the full-strength capacity of the adhesive could 
not be achieved due to the weaker strength capacity of the bond between 
the adherent and adhesive, as previously reported in Section 3.1 and 
shown in Fig. 3. To achieve higher strength capacities of such lap-shear 
connections, the bond strength capacity between wood and adhesive 
should be enhanced by roughening the wood surface or optimizing the 
primer to achieve higher adhesion capacity between wood and adhesive. 
In terms of deformability, PTS-15 adhesive exhibited significantly better 
performance, namely 1.8 times and 2.3 times higher displacement ca-
pacity and ultimate shear strain compared to PST-15 and PS-15 adhe-
sives, respectively. The effect of adhesive thickness was not as 
pronounced, namely the differences between average values of 10 mm 
and 15 mm thick adhesives varied between 8 and 14 %, while achieved 
ultimate shear strain values were significantly higher in 10 mm thick 
adhesives compared to 15 mm (31–71% difference). Further, PTS ad-
hesive showed the highest ductility (ratio between ultimate displace-
ment and yield displacement) among all adhesives and both thicknesses. 
PTS-15 exhibited 21 % and 7 % higher ductility than PST-15 and PS-15, 
respectively. In the case of thinner bondlines, the PTS-10 group showed 
only 8 % and 2 % higher ductility compared to PST and PS adhesive, 
respectively. Similarly, as in the case of displacement capacity, ductility 
values were not affected by increased bondline thickness, namely the 
ductility values increase or decrease was 10 % or less in all three 
adhesives. 

3.3. Cyclic tests 

Overall behaviour, in terms of strength and deformation capacity, 
and failure mechanisms in cyclic tests correlated with the prior obser-
vations from monotonic tests. Typical hysteresis loops for each group in 
Fig. 5 display the effects of thickness and type of adhesive by different 
shape of the hysteresis loops, number of achieved steps and loading 
cycles. The shapes of the hysteresis loops are not like typical mechanical 
timber connection or timber wall elements using mechanical fasteners 
[3,37,38], namely flexible adhesive hysteresis loops display a consid-
erably higher proportion of elastic deformability; while on the other 
hand, they usually display lower plastic deformation capacity. In addi-
tion, recovery stiffness in 2nd and 3rd cycles at the same amplitude 
displacement is more linear than in the case of mechanical connections, 
as there is no effect of metal fasteners embedment into the wood. 
Moreover, the level of the stiffness reduction after the 1st cycle is 
generally lower in the case of flexible adhesive connections as there is no 

Fig. 4. Force-displacement diagrams of monotonic tests for different adhesives and thicknesses (10 mm thickness in red, 15 mm thickness in blue).  
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Table 3 
Average values of mechanical properties from monotonic test results: elastic and plastic stiffness (kel, kpl), shear modulus (G), force and displacement at the yielding 
point, (Fy, uy), maximum load (Fmax), displacement at maximum force (uFmax), maximum shear strength (fmax), ultimate load (Fu-80%), ultimate displacement (uu), 
ultimate shear strain (γu), and ductility (D).  

Adhesive kel [kN/ 
mm] 

G 
[MPa] 

kpl [kN/ 
mm] 

Fy 

[kN] 
uy 

[mm] 
Fmax 

[kN] 
uFmax 

[mm] 
fmax 

[MPa] 
Fu-80 % 

[kN] 
uu 

[mm] 
gu [-] D[-] 

PS-10-M avg 2.13 3.68 0.35 8.13 3.68 8.90 5.93 1.48 7.12 6.45 0.65 1.75  
stdev 0.03 – 0.00 0.11 0.07 0.11 0.11 0.02 0.09 0.06 – 0.03  
cov [%] 1.23 – 1.23 1.33 1.96 1.26 1.87 1.26 1.26 0.98 – 1.59 

PS-15-M avg 1.55 4.01 0.26 6.53 4.07 7.18 6.64 1.20 5.74 7.03 0.47 1.73  
stdev 0.01 – 0.00 0.09 0.04 0.10 0.10 0.02 0.08 0.20 – 0.04  
cov [%] 0.58 – 0.58 1.39 0.94 1.43 1.55 1.43 1.43 2.90 – 2.51 

PST-10- 
M 

avg 1.44 2.49 0.24 9.68 6.49 10.41 9.63 1.74 8.33 10.64 1.06 1.64  

stdev 0.05 – 0.01 0.57 0.20 0.59 0.36 0.10 0.47 0.57 – 0.10  
cov [%] 3.51 – 3.51 5.90 3.04 5.64 3.78 5.64 5.64 5.36 – 6.23 

PST-15- 
M 

avg 1.09 2.75 0.18 6.69 6.08 7.15 8.77 1.19 6.33 9.16 0.61 1.49  

stdev 0.13 – 0.02 0.41 1.03 0.50 2.00 0.08 0.63 2.45 – 0.16  
cov [%] 12.15  12.15 6.06 16.89 7.04 22.76 7.04 9.95 26.79 – 11.09 

PTS-10- 
M 

avg 1.13 1.98 0.19 9.47 7.98 10.27 12.66 1.71 8.22 14.26 1.43 1.79  

stdev 0.04 – 0.01 0.57 0.36 0.36 1.66 0.06 0.29 1.99 – 0.32  
cov [%] 3.32 – 3.32 6.03 4.45 3.51 13.09 3.51 3.51 13.93 – 17.91 

PTS-15- 
M 

avg 0.85 2.19 0.14 7.66 8.75 8.34 13.76 1.39 6.67 16.31 1.09 1.88  

stdev 0.13 – 0.02 0.75 0.75 0.81 1.34 0.13 0.64 1.69 – 0.32  
cov [%] 15.66 – 15.66 9.85 8.54 9.67 9.76 9.67 9.67 10.37 – 17.02  

Fig. 5. Examples of typical hysteresis curves for each test group from cyclic testing.  
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formed gap between the fastener and wood, as is the case in mechanical 
connections. In the case of flexible adhesive connection, the connection 
between the wood and adhesives remains intact in the linear part of the 
response; while in the non-linear part, the stiffness reduction is due to 
partial peeling of the adhesive, which causes gradual progressive stiff-
ness reduction. In addition, the hysteresis shapes differ in the unloading 
part of the cycles, where the force drop in mechanical connections is 
usually rapid, and the force drop in the case of adhesive connections is 
more gradual. Consequently, this results in a smaller hysteresis loop 
area, which indicates lower energy dissipation capacity. Further com-
parison among flexible adhesive connections’ cyclic behaviour proper-
ties from this study is directly compared with corresponding mechanical 
connection’s properties in Section 3.4. The least flexible PS adhesive 
shows better performance with a thinner adhesive layer, while in the 
case of two other types of adhesives, the thicker bondline outperforms 
the thinner one. Fewer loading steps were also reached for PS than PST 
or PTS in the case of the thicker bondline. 

Fig. 6 displays backbone curves for all cyclic tests performed for six 
different test groups. A comparison was done for different types of ad-
hesives and different thicknesses among the same type of adhesive. Bold 
lines present 10 mm adhesive thickness, while dashed lines present 15 
mm adhesive thickness. Typically, slightly higher ultimate displace-
ments are met for thicker bondline in PS and PST cases, while in the case 
of PTS, more loading steps and, consequently, significantly larger ulti-
mate displacements are reached. Inclination of the curve identifies 
decreasing stiffness among adhesives from less to more flexible. 

In Table 4, strength and deformability properties evaluated from 
backbone envelope curves (Fig. 6) are presented by considering average 
values from the positive and negative part of loading in absolute values 
following the same assessment procedure as presented in Section 3.2. 

Higher elastic and plastic stiffness were observed in tests with 
thinner bondlines among the tests with the same type of adhesive. For 
instance, the average kel for PS, PST and PTS was 27 %, 29 % and 16 % 
lower in tests with 15 mm thick bondline. Percentwise, a similar 
reduction was observed for PS and PTS in the monotonic test, while a 
lower reduction was obtained in the case of the cyclic PTS group. Similar 
to in the monotonic test, again PS adhesive showed the highest elastic 
stiffness and PTS adhesive the lowest. In this case, the PTS-15 group 
showed, on average, 41 % lower stiffness in comparison to the PS-15 
group. This result is close to the result of the monotonic test (45 % 
reduction), while greater stiffness reduction was also noticed for the 
PST-15 group with a 41 % reduction. On the other hand, comparison 
between monotonic and cyclic tests has shown that in the case of cyclic 
test, values for elastic stiffness were higher for all cases except for the 
PST-15 group that showed comparable value. 

While PS adhesive displayed higher initial stiffness, its deformation 
capacity was much more limited compared to PST and PTS adhesives, 
while it also displayed slightly lower strength capacity compared to the 
other two adhesives. PTS adhesive performed with the highest defor-
mation capacity, while also being the most flexible (the lowest elastic 
stiffness values). The strength capacity of PTS adhesive was comparable 
with PST adhesive. 

In terms of ductility, the highest values were observed for PTS ad-
hesive. The highest average value, of 2.37 for PTS-10, showed 44 % and 
31 % higher ductility (D) against PST-10 and PS-10, respectively. PTS-15 
group showed 4 % lower D against PTS-10, which overall resulted, on 
average, to 49 % and 47 % higher D against PST-15 and PS-15 group, 
respectively. Similar to stiffness, the ductility was lower for thicker 
bondline with a 4 %, 7 % and 14 % decrease in the group for PTS, PST 
and PS, respectively. The most significant increase between monotonic 
and cyclic test was found for PTS adhesive with almost 1.2 and 1.3 
higher D for 15 and 10 mm thick bondline. 

Average strength degradation between the 1st and the 3rd loading 
cycle (ΔF1–3) for each group separated by adhesive thickness is pre-
sented in Fig. 7. Strength degradation values are a measure of percent-
age difference in force drop at a certain displacement step between the 
1st and the 3rd loading cycle. This mechanical property indicates the 
connection’s behaviour under low cycle fatigue events such as earth-
quakes. Average strength degradation was derived from the total num-
ber of specimens per cyclic group test. Overall, five amplitude 
displacement steps were considered to show adequate information, 
except in the case of PS adhesive where only three steps were used due to 
early failure of the specimen. Comparing 10 mm and 15 mm thick 
bondline, lower strength degradation was obtained for thicker 15 mm 
adhesives bondline specimen in all three types of adhesives. The final 
displacement step shows the highest increase in strength degradation 
due to reaching the failure of the specimens. The average strength 
degradation at the failure point in the case of PS adhesives was less than 
10 % in both cases (10 mm and 15 mm); while in cases of PST and PTS 
adhesives, these values were less than 20 % in all cases. According to the 
current version of Eurocode 8 [44], the dissipative connections shall be 
able to deform plastically for at least three fully reversed cycles without 
having more than a 20 % reduction of their resistance. This means that 
the analysed flexible adhesive connections satisfied this condition in all 
cases, yet none of the cases reaches a sufficient static ductility ratio of 4 
to comply with ductility class DCM (medium capacity to dissipate en-
ergy). Therefore, in this current state, these connections are appropriate 
for use only in the DCL class (low capacity to dissipate energy) according 
to Eurocode 8 [44]. 

The equivalent viscous damping ratio (νeq) was calculated for the 1st 

Fig. 6. Backbone curves obtained from cyclic testing of specimens with all three adhesives and both thicknesses.  
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and 3rd cycles for all displacement steps, and it is summarized in Fig. 8a 
for the 1st cycles and Fig. 8b for the 3rd loading cycles. It is a non- 
dimensional parameter to represent the hysteresis energy dissipation 
capacity of a connection, expressed as a ratio between the dissipated 
energy in one-half cycle (the area of hysteresis) and approximation of 
exhibited potential energy multiplied by 2π [41]. The 3rd cycles νeq ratio 
represents the connection’s behaviour in subsequent low cycle loads 
caused during a seismic event, while the 1st cycles represent the con-
nection’s response in the peak loads caused by a seismic event. Among 
the three different tested adhesives, PTS adhesive performed with the 
highest energy dissipation capacity, resulting in 3rd cycle νeq equal to 
5.5–7.1 %, while these ranges were 3.9–5.5 % for PST adhesive and 
2.0–2.9 % for PS adhesive. This finding is in correlation with connec-
tions’ deformation capacity in the plastic region (expressed through 
ductility in Table 4), in which most of the hysteretic energy is dissipated. 

3.4. Comparison with mechanical connections 

A comparison between the most commonly used mechanical types of 
connection between parallel wall panels in CLT structures (so-called 
half-lap or step joint) and flexible polyurethane adhesive shear con-
nections, investigated in this study, is presented in this section. The 

mechanical properties are compared with the values reported in a study 
by Gavric et al. [45] on cyclic behaviour of typical screwed connections 
for cross-laminated timber structures. The type of CLT connection cho-
sen for the comparison is the so-called half-lap connection with self- 
tapping screws HBS Φ8x80 mm between parallel wall panels, which is 
considered as a dissipative connection between CLT wall panels, where 
in addition to strength and stiffness capacity to transfer seismic loads, 
also sufficient deformation capacity shall be provided due to rocking 
kinematic mechanism of CLT wall panels during seismic events [38]. 
Average experimental values of mechanical properties of half-lap 
connection in Gavric et al. [45] are evaluated according to EN12512 
procedure, the same as in the study on flexible adhesive connections 
presented in this paper. 

A direct comparison of mechanical properties is performed on a 
hypothetical L = 100 cm long connection with B = 5 cm overlap be-
tween two CLT wall elements, which is a generally used width for half- 
lap joints in CLT structures. Force related mechanical properties from 
the cyclic tests on double lap-shear adhesive connections presented in 
this study (see Table 5) are increased proportionally to the hypothetical 
connection’s adhesive surface, while displacements remain at the same 
levels. Mechanical properties of half-lap screwed connection [45] are 
presented for a single screw and for a series of equally spaced screws 

Table 4 
Average values of mechanical properties from cyclic test results: elastic and plastic stiffness (kel, kpl), shear modulus (G), force and displacement at the yielding point, 
(Fy, uy), maximum load (Fmax), displacement at maximum force (uFmax), maximum shear strength (fmax), ultimate load (Fu-80%), ultimate displacement (uu), ultimate 
shear strain (γu), and ductility (D).  

Adhesive kel [kN/ 
mm] 

G 
[MPa] 

kpl [kN/ 
mm] 

Fy[kN] uy 

[mm] 
Fmax 

[kN] 
uFmax 

[mm] 
fmax[MPa] Fu-80 % 

[kN] 
uu 

[mm] 
gu [-] D[-] 

PS-10-C avg 2.37 4.07 0.40 7.01 2.87 7.78 4.97 1.30 7.35 5.16 0.52 1.81  
stdev 0.22 – 0.04 0.16 0.23 0.13 0.35 0.02 0.35 0.02 – 0.14  
cov [%] 9.34 – 9.34 2.23 8.04 1.70 7.07 1.70 4.82 0.44 – 7.57 

PS-15-C avg 1.74 4.46 0.29 5.60 3.14 6.01 4.67 1.00 5.86 4.87 0.32 1.55  
stdev 0.07 – 0.01 0.32 0.31 0.41 0.65 0.07 0.50 0.51 – 0.03  
cov [%] 3.94 – 3.94 5.76 9.77 6.89 14.01 6.89 8.49 10.41 – 1.68 

PST-10-C avg 1.47 2.51 0.24 8.36 5.55 9.04 8.53 1.51 8.51 9.18 0.92 1.65  
stdev 0.15 – 0.03 0.56 0.47 0.60 0.94 0.10 0.54 1.02 – 0.10  
cov [%] 10.38 – 10.38 6.70 8.53 6.62 11.03 6.62 6.31 11.07 – 5.76 

PST-15-C avg 1.03 2.61 0.17 6.85 6.55 7.37 9.63 1.23 7.13 10.04 0.67 1.53  
stdev 0.14 – 0.02 0.64 0.85 0.70 1.37 0.12 0.70 1.74 – 0.09  
cov [%] 13.28 – 13.28 9.34 13.01 9.55 14.19 9.55 9.77 17.25 – 6.13 

PTS-10-C avg 1.22 2.13 0.20 7.47 5.85 8.50 11.59 1.42 7.86 13.76 1.38 2.37  
stdev 0.07 – 0.01 0.50 0.19 0.48 1.18 0.08 0.80 2.51 – 0.47  
cov [%] 5.69 – 5.69 6.68 3.19 5.70 10.19 5.70 10.18 18.27 – 19.83 

PTS-15-C avg 1.02 2.66 0.17 7.84 7.36 8.75 12.98 1.46 7.65 16.75 1.12 2.28  
stdev 0.01 – 0.00 0.24 0.31 0.29 0.90 0.05 0.96 1.75 – 0.27  
cov [%] 1.39 – 1.39 3.06 4.15 3.32 6.92 3.32 12.58 10.44 – 11.79  

Fig. 7. Average strength degradation for 3rd cycles of loading compared to 1st cycles in % for each amplitude displacement step for each group.  
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(spacing e = 10–30 cm) along the length of the connection, which is the 
most commonly used screw spacing range in CLT-to-CLT panel con-
nections, where 30 cm spacing represents the most common structural 
spacing [46,47], while smaller spacings represent cases with higher 
structural demands. 

In terms of elastic stiffness properties, all types of flexible adhesive 
connections exhibit significantly higher values compared to 30 cm 
spaced screwed connection. For example, PS adhesive connection results 
in 4.8 times and 3.5 times higher kel for 10 mm and 15 mm adhesive 
thickness, respectively; while in the case of PST and PTS adhesives, these 
values range between 2.0 and 3.0 times the mechanical connection’s kel. 
To achieve the same kel value as the most flexible adhesive connection 
PST-15, the screws would need to be spaced at 14.6 cm. 

Comparison of strength properties shows that the selected adhesive 

connections have significantly higher strength capacity than all three 
screw spacing scenarios. Strengths of adhesive connections are 2.9–4.3 
times higher than the strength of half-lap screwed connection with screw 
spacing of 30 cm. Therefore, to achieve the same level of strength ca-
pacity, the screw spacing would need to be in the range of 7.0–10.5 cm. 

On the other hand, a screwed connection performs significantly 
better in terms of deformation capacity and ductility. Namely, the ulti-
mate displacement capacity of the screwed connection is 6.1–6.5 times 
higher than in the case of PS adhesive connections, 3.1–3.4 times higher 
than in the case of PST and 1.9–2.3 times higher than the PTS. In all 
cases, the mechanical connection enters the plastic range (reaches the 
yielding point) at lower displacements than the adhesive connections. 
Consequently, the ductility values of the mechanical connection are 
5.4–8.4 times higher than the ductility of analysed adhesive 

Fig. 8. Equivalent viscous damping ratio for a) 1st and b) 3rd loading cycles by type of adhesive and bondline thickness.  

Table 5 
Comparison of cyclic behaviour for mechanical properties of flexible adhesive connections and screwed half-lap CLT mechanical connections [45]: elastic and plastic 
stiffness (kel, kpl), force and displacement at the yielding point, (Fy, uy), maximum load (Fmax), displacement at maximum force (uFmax), ultimate load (Fu-80%), ultimate 
displacement (uu), and ductility (D).  

Connection type kel [kN/mm] kpl [kN/mm] Fy [kN] uy [mm] Fmax [kN] uFmax [mm] Fu-80 % [kN] uu [mm] D[-] 

PS-10-C*  19.79  3.30  58.43  2.87  64.86  4.97  61.23  5.16  1.81 
PS-15-C*  14.53  2.43  46.63  3.14  50.11  4.67  48.80  4.87  1.55 
PST-10-C*  12.24  2.04  69.69  5.55  75.31  8.53  70.94  9.18  1.65 
PST-15-C*  8.57  1.43  57.05  6.55  61.40  9.63  59.40  10.04  1.53 
PTS-10-C*  10.17  1.69  62.23  5.85  70.85  11.59  65.52  13.76  2.37 
PTS-15-C*  8.49  1.42  65.31  7.36  72.89  12.98  63.73  16.75  2.28 
HBS Φ8 × 80 (1 screw)**  1.24  0.11  3.23  2.55  5.25  23.50  4.20  31.55  12.81 
HBS Φ8 × 80 (e = 10 cm)  12.40  1.10  32.30  2.55  52.50  23.50  42.00  31.55  12.81 
HBS Φ8 × 80 (e = 20 cm)  6.20  0.55  16.15  2.55  26.25  23.50  21.00  31.55  12.81 
HBS Φ8 × 80 (e = 30 cm)  4.13  0.37  10.77  2.55  17.50  23.50  14.00  31.55  12.81 

* calculated values for the connection length L = 100 cm and connection width B = 5 cm. 
** average experimental test values reported in [45]. 
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connections. 
Strength degradation as a result of low cycle fatigue is more pro-

nounced in mechanical connection, reaching almost 30 % at the 
maximum strength point, while these levels in adhesive connections are 
less than 10 % for PS and less than 20 % for PST and PTS adhesives, as 
reported in Section 3.3. 

Equivalent viscous damping ratio in the case of a screwed connection 
is averaging around 14.5 % in 1st cycles and 9.1 % in 3rd cycles at the 
maximum strength level [45], while these values are less than 10 % in 
1st cycles and 2.9 %, 5.5 % and 7.1 % in 3rd cycles for PS, PST and PTS, 
respectively (see Fig. 8). Total dissipated energy in mechanical 
connection is additionally higher because it can withstand significantly 
higher ultimate displacements (Table 4 and Table 5). 

3.5. Numerical sensitivity study 

Numerical analysis aimed to investigate the influence of adhesive 
thickness on force–displacement (F-u) elastic response and stress in the 
adhesive. The F-u responses were used to calculate the relative change of 
elastic stiffness (kel) with respect to the scenario with adhesive thickness 
of 1 mm (as shown for PS adhesive in Fig. 9c). It shows that stiffness 
decreases parabolically for all adhesives in a similar manner, but for PST 
and PTS adhesives it is more abrupt. Thicker bonds provide higher 
compliance and allow greater displacement before reaching strength 
level, which was confirmed also by the experiments (Fig. 4). This 
character may be used to an advantage in applications that need a 
relatively strong, but more flexible, adhesive bond. On average, kel 
decreased by about 92–94 % when adhesive thickness changed from 1 

mm to 20 mm. The relative change of Fmax was not analyzed because 
Fmax was not reached for thicker bondlines within the range of experi-
mental displacements, which comes from the hyperelastic character of 
adhesives (Fig. 1). As discussed before, experiments showed that for all 
adhesives the failure of the specimen occurred at the interface with 
wood and not in the adhesive itself. Therefore, the limitation of FE 
models that generally provided higher values of F-u response has to be 
acknowledged when compared to experiments and that it did not cover 
debonding phenomena. This also means that the practical limitation of 
thick bonds lies in debonding, i.e., in the capabilities of primer to assure 
adhesion. To precisely predict the Fmax with help of the FE model, it 
would be necessary to include fracture phenomenon at the interface. 
However, to describe the fracture behaviour of such bonds was not the 
aim of this research but may be a meaningful research aim for the future. 

The distribution of stress on the specimen surface for 10 mm and 15 
mm thick samples is shown in Fig. 9a. It can be seen that shear stresses 
are distributed symmetrically in the specimens, and that the highest 
strain occurs in adhesive bond (not shown). The stress was then analysed 
on two paths (black dashed lines in Fig. 9a): path cutting specimen in the 
middle of specimen height (horizontal line – H, Fig. 9d) and path going 
in the middle of adhesive vertically along the bondline (vertical line – V, 
Fig. 9b). The shear stress at the XY plane mapped onto these paths was 
created within the elastic deformation for all thicknesses at a displace-
ment of 0.25 mm just for mutual comparison. Both paths show that 
increasing thickness of the adhesive substantially reduces maximal shear 
stress in adhesive, from ~ 3.5 MPa at 1 mm to ~ 0.13 MPa at 20 mm, 
which is ~ 29-fold reduction. Further, the horizontal path shows the 
highest shear stress occurs in the middle of the adhesive layer; the 

Fig. 9. a) shear stress in XY plane for 10 mm and 15 mm thick adhesive bondline, b) shear stress at vertical path (V) for all simulated thicknesses, c) relative change 
of kel of the connection with PS adhesive with respect to 1 mm thick bondline, d) shear stress at horizontal path (H) for all simulated thicknesses. 
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vertical path shows that shear stress is almost constant along the ad-
hesive bond length. 

4. Conclusion and future work 

An experimental testing program on thick flexible polyurethane 
adhesive double lap-shear connections was performed with the aim to 
better understand their performance and explore potential in-use for 
high performance timber-adhesive composite structures in seismic re-
gions. Mechanical properties used in the design of timber connections, 
such as stiffness, strength, deformation capacity, ductility, strength 
degradation, and equivalent damping ratios were derived according to 
the EN 12512 procedure for three different adhesives and two different 
bondline thicknesses. 

Thicker adhesive bonds provided both higher elasticity and plas-
ticity, which was confirmed by the experiments and by further numer-
ical investigations. This quality may be used to an advantage in timber 
connection applications that need a relatively strong, but more flexible, 
adhesive bond. Further, the numerical investigation showed that 
increasing the thickness of the adhesive substantially reduces maximal 
shear stress in the adhesive. All three types of tested adhesive connec-
tions showed symmetrical cyclic shear behaviour, which is favourable 
for seismic-resistant shear connections with utilized capacity design 
approach. 

Compared to mechanical dowel-type screwed half-lap connection 
with a typically used arrangement of fasteners, all tested adhesives 
displayed significantly higher values in terms of elastic stiffness and 
strength. Further, adhesive connections also performed better in terms 
of low cycle fatigue strength degradation compared to mechanical 
connections. On the other hand, screwed connections performed 
significantly better in terms of deformation capacity, ductility, and en-
ergy dissipation; yet again, adhesive connections were able to elastically 
deform to substantially higher deformations than screwed connections, 
meaning they would be able to sustain higher seismic loads with less/no 
damage. Nevertheless, the tested flexible adhesives can withstand 
numerous cycles without damage and residual deformation, as it was 
also shown in [18]. 

PTS adhesive proved to be the best candidate for further investiga-
tion for potential applications due to its relatively good ratio between 
elastic stiffness and strength capacity compared to other tested adhe-
sives while showing relatively good performance in deformation ca-
pacity. With improvements of wood-adhesive bond and increase of the 
bond length, the connection’s deformation capacity and ductility could 
be further improved. Possible applicability of thick flexible poly-
urethane adhesive in timber structures might be limited low-to-medium 
ductile connections or high strength and high stiffness elastically 
deformable non-dissipative connections in glued-in rod connections, 
half-lap or step joint connections, secondary elements that are sensitive 
to brittle failures during seismic events (such as large windows), steel-to- 
timber flexible connections and potentially even in structural glass-to- 
timber connections. 

Further research on improving bonding capacity by modifying the 
roughness of wood surface or enhancing the wood-adhesive bonding 
capacity with different types of primers would be the first next step. In 
addition, large-scale tests would presumably show the positive influence 
of increased bonding length and, consequently, also bonding surface, 
therefore, excluding the negative effect of stress concentration at edges 
and debonding. Currently, there are no available standard methods for 
large-scale tests of thick flexible adhesive in timber connections; 
therefore, further studies are also needed in this aspect. In terms of 
further numerical investigations, the logical next step would be 
including fracture phenomenon at the interface between wood and ad-
hesive, as it was investigated for concrete, bonded with thick poly-
urethane flexible adhesives [21]. 
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