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INTRODUCTION

Wooden structure performance depends on its 
structural connections, which can either amplify 
or mitigate internal stresses and deformations. 
Traditional mechanical joints are often considered 
somewhat flexible, with plastic hinges being the 
norm. However, a novel hybrid connection, in-
corporating adhesive between elements, offers a 

notable enhancement in stiffness. This heightened 
rigidity can effectively decrease stresses and defor-
mations, significantly benefiting the overall struc-
ture. To give a broader context and emphasise its 
importance, the section was split into three parts. 
The first two include recent investigations on bolt-
ed or adhesively bonded joints, when the methods 
were used separately, and the next one comprises 
recent investigations on hybrid connections.
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ABSTRACT
Structural connections are one of the most important parts influencing the overall performance of a wooden struc-
ture. The way of design of these can lead both to increasing and decreasing internal stresses occurring in the 
load-carrying elements and total deformations of the structure. Typical mechanical joints in wooden structures are 
defined as plastic hinges or, at best, semi-rigid. The innovative hybrid proposed in the paper with adhesive added 
between elements can be much stiffer than a typical connection, which can lead to assuming rigid joint and signifi-
cant reduction in stresses and deformations of a structure. The research comprised 30 specimens in three groups 
(10 per each group: reference – without adhesive, hybrid with one-component PUR – polyurethane adhesive and 
hybrid with one-component PVAc – polyvinyl acetate adhesive) tested on the MTS 809 testing machine up to 
failure. An innovative idea was to connect elements initially by applying an accurately predicted tightening torque 
value to bolts. This resulted in obtaining enough clamping pressure between elements for adhesive curing, with 
none other equipment. The load was applied in parallel-to-grain wood direction. The results showed that utilising 
hybrid connection caused, both for PUR and PVAc adhesive, a huge increase in stiffness. When comparing to the 
reference no-adhesive, bolted connection, this was 2365% stiffer (nearly 24 times). Load-carrying capacity was 
higher too, however, the increase was not that significant and was at the level of 14.4% and 27.1%, for PUR and 
PVAc adhesives, consecutively. Worth noting is that the hybrid connection could continue to work after adhesive 
failure with 60% higher stiffness than the reference one and its load-carrying capacity was only 10% lower than 
the reference. Hybrid connections of this type can potentially serve as structural joints because of the innovative 
concept of combining components. Steel plates can be covered with adhesive and then inserted between wooden 
parts. Next, the tightened bolts can work as clamps producing enough pressure for adhesive curing, enabling the 
joint to be assembled directly on the construction site. Despite the mentioned advantages, before providing the 
connections’ design methods, the idea needs to be tested towards various effects influencing wooden structures. 
Incorporating numerical modelling can be extremely important too.
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Stamatopoulos et al. [1] performed an experi-
mental study on fifty-six specimens with singular 
threaded rods embedded both perpendicular- and 
parallel-to-grain direction in spruce and pine glue 
laminated timber (GLT). Rahim et al. [2] inves-
tigated steel-wood-bolted connection loaded 
parallel-to-grain for softwood on sixty speci-
mens. Steel plates were mounted by four bolts 
with different diameters in a layout on both sides 
of the wooden element. The general conclusion 
from the research was that the stiffness of bolted 
timber connections for softwood depended on the 
bolt diameter, number of rows and bolts, end dis-
tance and edge distance. Wang et al. [3] tested the 
lateral performance of bolted connections. First, 
the stiffness determination for pressing single 
bolts with different diameters into the wood was 
done. Next, the authors performed a shearing test 
of the wood-dowel connection. The last part of 
the work comprised tests on beam-column joint 
moment-carrying behaviour analysis. Lokaj et 
al. [4, 5] tested round spruce wood samples, in 
three grain angle orientations, connected with 
steel plates by bolts. The main conclusion was 
that the performance of connections for round 
timber was similar to typical standard squared 
connections. Jensen and Quenneville [6] investi-
gated failure modes in bolted timber connections 
loaded parallel to the grain. Connections with a 
very low slenderness ratio with a single and with 
multiple bolts in a single row were tested. Sawata 
and Yasamura [7] similarly to Kharouf et al. [8] 
conducted research on a single bolt with a slotted-
in steel plate with parallel and perpendicular to 
wood grain orientations. Johanides et al. [9, 10] 
analysed a connection made from spruce wood 
with metal mechanical dowel-type fasteners. Not 
only a common combination of bolts and dow-
els, but also fully threaded screws were used for 
the connection. The used fasteners were placed 
in one symmetrical circle. The conclusion was 
that a connection using fully threaded screws 
provided a better load-carrying capacity. Several 
scientists conducted research on the influence of 
tightening torque and resulting preload force in 
bolts on the performance of bolted connections. 
Matsubara et al. [11] tried to find how the torque 
influences the separation in bolted joints loaded 
axially. The ultimate tensile load was stated to de-
crease when the preload force increased. Awalu-
din et al. [12] examined the effect of preload in 
bolts on damping response and ultimate moment-
carrying capacity of timber joint with steel side 

plates. The superiority of pre-stressed joint was 
shown by a significant increase in initial stiffness 
and a small increase in ductility and ultimate mo-
ment resistance. Next, in [13] the authors stated 
that introducing preload force into the bolts can 
increase the stiffness of connection at the first 
loading phase by causing higher friction between 
the adjacent elements. The failure forms of joints 
were similar regardless of applied preload value. 
Subsequently, in [14] the effectiveness of bolts 
pretension after one year of stress relaxation mea-
surement was evaluated. The pre-stressing effect 
was stated as negligible without regular re-stress-
ing. Preloading bolts and determining contact 
pressure is important not only in wooden struc-
tures, but exemplary in steel ones, as reported by 
Grzejda [15, 16].

Pecnik et al. [17] investigated eighteen 
double-lap shear timber connections with thick 
flexible polyurethane adhesives. Spruce wood 
elements were connected by three different two-
component PUR adhesives of varied thickness. 
The general conclusion from the research was 
that compared to mechanical dowel-type screwed 
connection with a typical arrangement of fasten-
ers, all tested adhesive joints showed significant-
ly higher values in terms of elastic stiffness and 
strength. Angelidi et al. [18] tested experimentally 
nineteen double-lap timber-to-timber joint speci-
mens in tension and compression. Spruce wood 
elements were bonded by two different adhesives: 
brittle epoxy and ductile acrylic. The conclusion 
was that epoxy-bonded joints exhibited a stiff-
linear load-displacement response up to brittle 
failure and ultimate loads in compression were 
much higher than in tension. Also, acrylic-bond-
ed joints showed a highly nonlinear and ductile 
load-displacement response in tension and pre-
mature adhesion failure in compression. Vallee et 
al. [19] compared specimens with slotted-in steel 
plates bonded with epoxy adhesive to dowel-type 
joints. In both cases, spruce wood blocks were 
used. Embedment length for adhesive joints var-
ied, and it was stated that the higher embedment 
length, the higher joint capacity was. The authors 
also analysed the influence of different connec-
tion types on the structural behaviour of full-scale 
trusses. The general conclusion from the research 
was that the capacity of bonded joints was higher 
than the doweled one and the adhesively bonded 
trusses achieved a significantly higher failure 
load compared to the mechanically connected 
trusses. Another group of adhesive connections 
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are steel-steel or wood-wood joints. Such a bonding 
type is worth emphasizing, even though this is not 
of direct interest in the conducted research. Doluk 
et al. [20] evaluated a surface treatment effect on 
the strength of single-lap adhesive joints. The main 
conclusion was that the method of surface treatment 
affects the strength. Similarly, Rudawska et al. [21] 
conducted research on the influence of steel degreas-
ing methods on shear strength of single-lap adhesive 
joints and drew the conclusion that the most effec-
tive method was spraying extraction naphtha. The 
same authors performed an analysis of selected fac-
tors on the strength of wood adhesive joints [22]. At 
least one important conclusion was drawn, especial-
ly that technological process as adequate pressure 
application during adhesive curing is crucial. The 
author of the paper has experience in testing wood-
wood and wood-CFRP adhesively bonded connec-
tions in a double-lap shear testing scheme. This was 
done, among others in works [23–27].

Review on hybrid connections used in wood-
en structures was done, among others, by Shober 
and Tannert [28]. Wang et al. [29] tested twelve 
specimens composed of spruce GL28c class GLT 
elements connected with the birch plywood plates 
in a four-point bending static scheme. The plates 
were adhesively bonded to two sides of the ele-
ments by two-component PUR adhesive on a var-
ied joint area with pressure obtained by clamping 
and then applying screws. It was shown that the 
global stiffness can be higher when the joint area 
is larger, compared to the continuous GLT beam 
with the same span and cross-sectional proper-
ties. In [30] the author used three types of ad-
hesives (MUF, PRF and 2C PUR) to join spruce 
GL28cs class GLT beams with plywood. The 
idea was planned to be utilised in hybrid connec-
tions. Three types of preparing connection were 
checked: screw-adhesive, clamping by clamps 
and application of weight loads. The specimens 
in a total number of sixty were tested under shear-
ing conditions. The conclusions drawn were that 
2C PUR adhesive exhibited the highest bonding 
strength than MUF and PRF adhesives regardless 
of the pressing methods. Each adhesive showed 
satisfactory bonding performance; however, 
screw-adhesive was recommended because of the 
ease of operation in the potential structural uses. 
Imakawa et al. [31] investigated the mechanical 
properties of hybrid joints composed of conifer-
ous wood, steel plates, adhesive and screws. Nar-
rower steel plates were fastened to the wooden 
block using screws of different diameters. Nine 

specimens with different adhesives (API, 1C 
PUR and 1C PUE) applied between steel plate 
and wooden block were tested. The study found 
that using adhesives with screws can enhance 
connection stiffness and load-carrying capacity. 
Ghoroubi et al. [32] examined timber-to-timber 
joint connected by adhesive and mechanical an-
chorages together with adhesive, with varying 
bonding lengths and layouts of anchorages. Pine 
wood was used to prepare elements and PUR ad-
hesive to bond the connection. Each specimen 
underwent the same pressure and pressing time. 
After adhesive curing, mechanical anchorages 
were placed in prior drilled holes. Twenty-one 
specimens were tested in an axial tension test-
ing scheme, where timber-to-timber connection 
was under shearing. The general conclusion from 
the research was that load-carrying capacity in-
creased significantly when mechanical anchor-
age was used in the timber-to-timber connections 
with the adhesive. Shi et al. [33] tested short and 
long-term performance of bonded steel-wood 
joints under controlled environmental conditions. 
The steel plates contained vulcanised rubber on 
the surface. These were connected to the GL30c 
spruce wood blocks using two-component PUR 
adhesive and six screws aiming to ensure a proper 
clamping pressure up to the adhesive curing. The 
general conclusions from the research were that 
the bonded steel plate showed good short and 
long-term mechanical behaviour, whereas apply-
ing a rubber layer improved the ductility and me-
chanical stability of the joint. Yang et al. [34] test-
ed fifteen specimens made of GL30c class GLT in 
two separate double-lap shear connections with 
one steel plate placed inside wooden elements 
and two steel plates placed outside and a large 
hollow steel dowel in the centre. The steel plates 
were bonded to wood using two-component PUR 
adhesive, and the outers were covered with a rub-
ber foil and thirty-four screws were used as an 
addition to mount the plates. The general conclu-
sion from the experiments was that a significant 
increase in the load-carrying capacity was ob-
tained by introducing a rubber foil layer.

In summary, hybrid connections are an ob-
ject of current scientific research. However, the 
amount of research done so far is limited, and in 
the author’s opinion, the knowledge of the subject 
can be significantly enriched by the research con-
ducted in this article. The proposed solution has 
not been encountered in the scientific literature, 
which proves its innovation.
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	• S235 class raw steel plates with dimensions of 
4×60×190 mm

	• One-component adhesives for professional 
application in wooden structures: Kleiberit 
501.0 PUR (polyurethane) and Kleiberit 303.0 
PVAc (polyvinyl acetate)

	• M6 5.8 class bolts (ultimate tensile strength 
equal to 500 MPa and yielding strength equal 
to 400 MPa), M6 self-locking nuts and M6 
Ø24 mm A2-304 stainless steel washers

Several steps were taken to prepare the speci-
mens properly. First, wooden elements were cut 
to the final dimensions from square timber with 
section dimensions of 40×60 mm, omitting any 
visible defects as knots or cracks. Next, eight 
openings per each element were drilled using 
Ø7 mm drill in a spacing being consistent with 
this on steel plates prepared by CNC milling. 
Openings patterns for wooden elements and steel 
plates were based on the PN-EN-1995-1-1:2010 
[35] and PN-EN-1993-1-8:2006 [36] standards, 
respectively. Both patterns are shown in Figure 2.

Both wooden elements and steel plates were 
dusted and degreased with extraction naphtha be-
fore being connected. Three groups of specimens 
screwed using M6 5.8 class bolts, M6 self-lock-
ing nuts and M6 Ø24 mm A2-304 stainless steel 

MATERIALS AND METHODS

Experimental tests were performed on the 
MTS 809 testing machine. A total of 30 samples 
were prepared for the experiments (10 per each 
group: reference – without adhesive, hybrid with 
PUR adhesive and hybrid with PVAc adhesive). 
Tests were displacement-controlled with testing 
speed equal to 2 mm/min in the testing scheme 
given in Figure 1. Specimens were tested in 
tension parallel to wood grain orientation up to 
failure understood as damage observed for the 
reference samples without adhesive. The criti-
cal point was a visible, sudden force drop on a 
force-displacement path preceded by a character-
istic cracking sound. The first sample from each 
group was used to check whether the results were 
gathered correctly, estimate the testing time need 
for the sample and to initially predict the form of 
failure. These samples were then omitted in the 
interpretation of results; therefore, the number of 
reliable specimens tested under the same condi-
tions and then used in further analyses was equal 
to 9 per each testing group. Specimens prepared 
for the tests comprised:
	• seasoned and planed Spruce wood of density 

420–480 kg/m3 and moisture content 10–13% 
with dimensions of 40×60×200 mm

Figure 1. Experimental setup: laboratory testing stand and described 
testing scheme – front and side view (dimensions in mm)
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washers were planned: without adhesive between 
wooden and steel parts, or “hybrid” adhesively 
bonded with Kleiberit 501.0 PUR adhesive and 
adhesively bonded with Kleiberit 303.0 PVAc 
adhesive. The adhesive was dispersed on the less 
porous surface of the steel plates using a roller 
and then applied to wooden elements. Subse-
quently, steel washers, bolts and nuts were placed 
in openings and both steel plates were hand-
stretched to remove possible clearances resulting 
from slightly different openings diameters. Nuts 
were tightened using certified Wera dynamomet-
ric screwdrivers. Tightening torque of each single 
bolt used to connect both no-adhesive and adhe-
sively bonded samples was equal to 4 Nm (0.5 
Nm to eradicate self-locking nut resistance + 3.5 
Nm to obtain desired preload force in bolt), be-
ing the value consistent with the earlier authors’ 
studies [37]. According to the aforementioned in-
vestigations, 4 Nm tightening torque value should 
cause at least 2 kN preload force value in each 
bolt, leading to proper bolt embedment and si-
multaneously producing enough pressure for ad-
hesive joint (0.6 MPa according to the adhesives 
technical cards [38, 39]). When a proper pressure 
was applied, the adhesive layer thickness should 
be negligibly small and should not exceed 0.1 
mm. Next, specimens were left for adhesive cur-
ing for 48 hours.

The bolts in hybrid connection were used as 
clamps, by producing a proper pressure value 

because of tightening torque. No other clamps 
were used to introduce higher pressure. The re-
cent paper introduces a novel approach not found 
in existing literature. For equal conditions, the 
bolts were re-tightened to 4 Nm before machine 
testing, as preloading force may be lost during 
sample preparation [14].

RESULTS AND DISCUSSION

Results from the tests were gathered in graphs 
separately for each group. Next, several analy-
ses were performed in subsequent tables. Figure 
3 presents results for no-adhesive samples (B), 
Figure 4 for adhesively bonded with PUR adhe-
sive (PUR) and Figure 5 for adhesively bonded 
with PVAc adhesive. The same scale was used 
for each graph for enabling initial direct compar-
ison of some easy visible differences between the 
experimental curves.

A different behaviour was observed between 
no-adhesive and hybrid connections. Reference 
samples started with high stiffness up to 5 kN of 
axial force, which was probably caused by in-
creased friction between components because of 
the preload force applied to bolts by tightening 
torque. After the first stage, the connection contin-
ued to work as a typical dowel-type one preced-
ed by component elements adjustment and then 
through pressure transferred from bolts to wood.

Figure 2. Openings pattern in wooden element (yellow) and in steel plate (red) – dimensions in mm
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The behaviour of hybrid connections both with 
PUR and PVAc adhesives was comparable. The 
samples showed high stiffness in the first stage of 
the connection work. Next, because of adhesive 
delamination, a sudden force drop was observed; 
after that, the specimens behaved similarly to ref-
erence specimens, however much smaller critical 
displacements were observed. More sophisticated 
comparisons can be performed after statistical 

analyses presented in Tables 1–3. As several mea-
surements were done, an uncertainty estimation 
was performed for experimental data as in earlier 
author’s work [40], being given by formula 1:

	 𝑥𝑥 = 𝑥̅𝑥 = Σ𝑥𝑥𝑖𝑖
𝑛𝑛  →  𝑠𝑠𝑥̅𝑥 = √Σ(𝑥𝑥𝑖𝑖−𝑥̅𝑥)2

𝑛𝑛(𝑛𝑛−1)  (1) 

 
(𝐾𝐾𝐵𝐵, 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃, 𝐾𝐾𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃, 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, 𝐾𝐾𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) 

 
 (𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)  
 

	 (1)

where: x – measurement, 𝑥̅𝑥  
 
(𝐾𝐾𝐵𝐵, 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃,𝐾𝐾𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃, 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, 𝐾𝐾𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)  
 
(𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)  
 

 – measurement mean, 
n – number of measurements, s 𝑥̅𝑥  

 
(𝐾𝐾𝐵𝐵, 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃,𝐾𝐾𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃, 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, 𝐾𝐾𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)  
 
(𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)  
 

  – mea-
surement uncertainty.

Figure 3. Force-displacement paths for no-adhesive specimens

Figure 4. Force-displacement paths for hybrid specimens adhesively bonded with PUR adhesive
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Stiffness properties (KB, KPUR, KB.PUR KPVAc, 
KB.PVAc) were defined as a slope of the correspond-
ing linear parts of the force-displacement curves 
and failure forces (Pmax.B, Pmax.PUR, Pmax.B.PUR, Pmax.PVAc, 
Pmax.B.PVAc) were determined both as adhesive layer 
failure and dowel-type connection failure.

Mean stiffness of the bolted no-adhesive 
connection was 3.560 kN/mm and the mean 
failure force was 40.453 kN. Relative measure-
ment errors for both properties were at the level 

of 2.52% and 2.56%, consecutively. This meant 
that the mean value can be a representative value 
for both properties. The results for hybrid con-
nections were divided into first and second, both 
stiffness and failure force. The first one meant 
mainly the properties of adhesive layers, while 
the second meant the properties of the dowel-type 
work phase. Mean first stiffness and failure force 
for specimens bonded with PUR adhesive were 
87.752 kN/mm and 46.291 kN with relative error 

Figure 5. Force-displacement paths for hybrid specimens adhesively bonded with PVAc adhesive

Table 1. Statistical analysis of stiffness and failure force results for bolted no-adhesive specimens (B) 

Sample 
Stiffness Failure force 

𝐾𝐾𝐵𝐵 
(kN/mm) 

(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN/mm)2 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵 
(kN) 

(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN)2 

B2 3.591 0.00101 41.924 2.16512 

B3 3.331 0.05247 34.314 37.68198 

B4 3.230 0.10868 37.152 10.89475 

B5 3.694 0.01801 39.916 0.28784 

B6 3.503 0.00324 42.338 3.55456 

B7 3.420 0.01955 40.731 0.07763 

B8 4.088 0.27873 40.747 0.08659 

B9 3.811 0.06302 41.996 2.38233 

B10 3.370 0.03589 44.955 20.27377 

Statistical 
analysis 

𝑥̅𝑥 
(kN/mm) 

Σ(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN/mm)2 

𝑥̅𝑥 
(kN) 

Σ(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN)2 

3.560 0.581 40.453 77.405 
𝑠𝑠𝑥̅𝑥 

(kN/mm) 
𝑠𝑠𝑥̅𝑥
𝑥̅𝑥  (%) 𝑠𝑠𝑥̅𝑥 

(kN) 
𝑠𝑠𝑥̅𝑥
𝑥̅𝑥  (%) 

0.090 2.52 1.037 2.56 
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at the level of 1.25% and 3.65%, respectively. 
The small relative measurement errors meant the 
mean value was representative. The second mean 
stiffness and failure force were equal to 6.423 kN/
mm and 36.638 kN with relative measurement er-
rors at the level of 4.93% and 3.68%, respective-
ly. Still, the errors were smaller than 5%.

Mean first stiffness and failure force for speci-
mens bonded with PVAc adhesive were 87.782 
kN/mm and 51.405 kN with relative error at the 

level of 0.84% and 4.50%. The error remained 
under 5%, as earlier. Next, the second stiffness 
and failure force were 5.158 kN/mm and 35.702 
kN with relative errors at the level of 7.05% and 
4.24%. Despite a slightly larger than 5% error, the 
correlation of the results remained reliable.

The most desired properties of the structural 
connections are the stiffness and load-carrying 
capacity before damage occurrence. Therefore, 
increases in the first stiffness and failure load of 

Table 2. Statistical analysis of stiffness and failure force results for hybrid specimens with PUR adhesive (PUR)

Sample 
First stiffness First failure force Second stiffness Second failure force 

𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃  
(kN/mm) 

(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN/mm)2 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝑃𝑃𝑃𝑃𝑃𝑃 
(kN) 

(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN)2 

𝐾𝐾𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃 
(kN/mm) 

(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN/mm)2 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃 
(kN) 

(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN)2 

PUR2 90.849 9.59125 52.565 39.36044 6.767 0.11821 38.409 3.13638 

PUR3 83.130 21.36415 41.133 26.59940 5.203 1.48978 37.911 1.62175 

PUR4 85.440 5.34578 44.474 3.30109 5.823 0.36034 38.211 2.47630 

PUR5 84.903 8.12090 45.029 1.59283 6.985 0.31602 34.781 3.44692 

PUR6 84.730 9.13594 42.804 12.15830 4.843 2.49781 34.781 3.44642 

PUR7 90.441 7.22923 52.163 34.48029 7.013 0.34752 32.278 19.00669 

PUR8 90.254 6.25655 45.925 0.13409 7.061 0.40692 44.893 68.14912 

PUR9 87.857 0.01101 52.909 43.79417 6.393 0.00094 37.238 0.36018 

PUR10 92.167 19.48862 39.617 44.54255 7.722 1.68625 31.237 29.16839 

Statistical 
analysis 

𝑥̅𝑥 
(kN/mm) 

Σ(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN/mm)2 

𝑥̅𝑥 
(kN) 

Σ(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN)2 

𝑥̅𝑥 
(kN/mm) 

Σ(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN/mm)2 

𝑥̅𝑥 
(kN) 

Σ(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN)2 

87.752 86.543 46.291 205.963 6.423 7.224 36.638 130.812 
𝑠𝑠𝑥̅𝑥 

(kN/mm) 
𝑠𝑠𝑥̅𝑥
𝑥̅𝑥  (%) 𝑠𝑠𝑥̅𝑥 

(kN) 
𝑠𝑠𝑥̅𝑥
𝑥̅𝑥  (%) 𝑠𝑠𝑥̅𝑥 

(kN/mm) 
𝑠𝑠𝑥̅𝑥
𝑥̅𝑥  (%) 𝑠𝑠𝑥̅𝑥 

(kN) 
𝑠𝑠𝑥̅𝑥
𝑥̅𝑥  (%) 

1.096 1.25 1.691 3.65 0.317 4.93 1.348 3.68 

 

Table 3. Statistical analysis of stiffness and failure force results for hybrid specimens with PVAc adhesive (PVAc)

Sample 
First stiffness First failure force Second stiffness Second failure force 

𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃  
(kN/mm) 

(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN/mm)2 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 
(kN) 

(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN)2 

𝐾𝐾𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 
(kN/mm) 

(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN/mm)2 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚.𝐵𝐵.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 
(kN) 

(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2 
(kN)2 

PVAc2 87.273 0.25941 52.564 1.34423 5.650 0.24237 38.787 9.51769 

PVAc3 83.673 16.88194 35.468 253.98498 5.705 0.29972 34.661 1.08349 

PVAc4 86.441 1.79757 47.715 13.61621 5.375 0.04704 32.679 9.13644 

PVAc5 86.981 0.64114 52.671 1.60290 5.796 0.40682 42.571 47.18961 

PVAc6 88.788 1.01123 55.254 14.81531 5.549 0.15305 33.821 3.53536 

PVAc7 90.384 6.77184 58.642 52.37341 5.235 0.00597 39.849 17.20409 

PVAc8 87.520 0.06885 53.920 6.32543 3.893 1.60144 30.940 22.66904 

PVAc9 87.798 0.00027 57.416 36.13098 2.854 5.30933 29.041 44.36405 

PVAc10 91.180 11.54474 48.994 5.81054 6.365 1.45615 38.965 10.64932 

Statistical 
analysis 

𝑥̅𝑥  
(kN/mm) 

Σ(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2  
(kN/mm)2 

𝑥̅𝑥  
(kN) 

Σ(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2  
(kN)2 

𝑥̅𝑥  
(kN/mm) 

Σ(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2  
(kN/mm)2 

𝑥̅𝑥  
(kN) 

Σ(𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2  
(kN)2 

87.782 38.977 51.405 386.004 5.158 9.522 35.702 165.349 
𝑠𝑠𝑥̅𝑥  

(kN/mm) 
𝑠𝑠𝑥̅𝑥
𝑥̅𝑥  (%) 𝑠𝑠𝑥̅𝑥  

(kN) 
𝑠𝑠𝑥̅𝑥
𝑥̅𝑥  (%) 𝑠𝑠𝑥̅𝑥  

(kN/mm) 
𝑠𝑠𝑥̅𝑥
𝑥̅𝑥  (%) 𝑠𝑠𝑥̅𝑥  

(kN) 
𝑠𝑠𝑥̅𝑥
𝑥̅𝑥  (%) 

0.736 0.84 2.315 4.50 0.364 7.05 1.515 4.24 
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hybrid connections were compared to properties 
represented by a no-adhesive, bolted connection. 
For easier results interpretation, these were gath-
ered in Table 4.

As shown in Table 4, using hybrid connection 
caused a huge increase in stiffness, both for PUR 
and PVAc adhesive. The mean stiffness increase 
comparing to the reference no-adhesive, bolted 
connection was 2365% (nearly 24 times stiffer). 
Load-carrying capacity was higher too, however, 
the increase was not that significant and was at the 
level of 14.4% and 27.1%, respectively. It is worth 
noting that the hybrid connection could still contin-
ue to work after adhesive failure with 60% higher 
stiffness than the reference one and its load-carrying 
capacity was only 10% lower than the reference. Of 
course, when the stiffness is radically reduced, the 
entire static scheme of the structure changes, caus-
ing much different stresses distribution in structural 
elements. Nevertheless, this study is not focused on 
the mentioned topic. Since the paper mainly focus-
es on hybrid connections, no-adhesive specimens 

were only used as a reference. Therefore, failure 
forms were not analysed individually for each 
specimen. As failure for each specimen was very 
similar, a representative example providing every 
probable failure form was presented in Figure 6. 
Behaviour was very comparable to this observed 
in other papers on bolted connections mentioned in 
the introduction section [1–14].

Failure of the connection can be represented 
by several phenomena. Wood can undergo duc-
tile failure in two directions: perpendicular and 
parallel to the grain. Damage occurring in a per-
pendicular direction could be understood as the 
indentation of steel washers into wood, which 
was followed by the ductile failure of steel wash-
ers. Simultaneously, the crushing of the wood 
in parallel-to-grain direction was caused by the 
bolts working as a dowel-type fastener. Ductile 
failure of bolts was the next probable phenom-
enon, being followed by wood and bolts fracture. 
Determining whether the wood or bolt broke first 
was difficult, because of lack of inside monitoring 

Table 4. Comparison of the obtained results for B, PUR and PVAc specimens

Specimen
type

Mean stiffness
(kN/mm)

Increase relative to 
the reference sample

(%)

Mean 
load-carrying capacity

(kN)

Increase relative to 
the reference sample

(%)
B (reference) 3.560 - 40.453 -

PUR 87.752 2364.9 46.291 14.4
PVAc 87.782 2365.8 51.405 27.1

Figure 6. Forms of failure of B reference specimens
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of the specimens. When analysing hybrid speci-
mens and assuming adhesive ultimate strength as 
a leading damage criterion, two general forms of 
failure can be distinguished. The first, most de-
sired, is cohesive failure when the ultimate adhe-
sive cohesion is exceeded. The second one failed 
due to insufficient adhesion. Cohesive failure can 
be divided into two groups: failure of the adhe-
sive layer between steel plate and wood, and a 
wood shear cracking.

Separating PUR and PVAc samples, as the B 
samples, proved impossible because of random 
fracture in two different adhesives. Taking the 
samples apart by hand made little sense, because 
of the strength of the adhesive bonding, thereby, 

introducing artificial damage to the parts was in-
evitable. Thus, the failure forms were interpreted 
by comparing visible parts of steel plate, being 
connected with wood at the tests beginning, after 
damage. Exemplary failure forms were presented 
and described in Figure 7, while all the results 
were gathered in Table 5.

After adhesive layer failure, the second fail-
ure was comparable to this for the B specimens. 
However, this was omitted in results presentation, 
because of a secondary importance and problems 
with disassembling adhesively bonded samples. 
Noticeably, specimens were damaged mainly be-
cause of the cohesive failure of the adhesive lay-
er. When dividing the samples into three groups, 

Figure 7. Forms of failure of PUR and PVAc specimens

Table 5. Forms of failure of PUR and PVAc specimens and corresponding failure force. COH – cohesive or wood 
failure, ADH – adhesive failure

Sample Form of failure
Pmax.PUR

(kN)
Sample Form of failure

Pmax.PVAc

(kN)
PUR2 COH 52.565 PVAc2 COH 52.564

PUR3 ADH 41.133 PVAc3 ADH + COH 35.468

PUR4 ADH + COH 44.474 PVAc4 COH 47.715

PUR5 ADH 45.029 PVAc5 COH 52.671

PUR6 ADH + COH 42.804 PVAc6 COH 55.254

PUR7 COH 52.163 PVAc7 ADH + COH 58.642

PUR8 ADH 45.925 PVAc8 COH 53.920

PUR9 COH 52.909 PVAc9 COH 57.416

PUR10 ADH 39.617 PVAc10 COH 48.994
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then calculating mean maximal force for each 
group and comparing the results (Figure 8), vis-
ible is that the highest load-carrying capacity of 
the connection was obtained while the most de-
sirable cohesive form of failure was observed.
However, several samples failed because of lack of 
enough adhesion between steel plate and wooden 
parts. Therefore, checking an influence of different 
surface treatment before bonding elements with 
adhesive is advisable to be done as further research.

CONCLUSIONS

To summarise, a total of 30 specimens (10 per 
each group: reference – without adhesive, hybrid 
with PUR adhesive and hybrid with PVAc adhe-
sive) were tested on the MTS 809 testing machine 
up to failure. The load was applied in parallel-to-
grain wood direction. Statistical analysis of 9 spec-
imens for each group showed that the obtained re-
sults were statistically valid, and the mean values 
of the properties can be a reliable representative.

The findings showed that employing a hy-
brid connection led to a large increase in stiffness 
for both PUR and PVAc adhesives. Compared 
to the no-adhesive, bolted reference connection, 
this increase amounted to 2365% greater stiff-
ness (almost 24 times higher). Load-carrying 
capacity was higher too, however, the increase 
was not that significant and was at the level of 
14.4% and 27.1%, for PUR and PVAc adhesives, 
respectively. It is noteworthy that even after ad-
hesive failure, the hybrid connection maintained 
60% higher stiffness than the reference, with only 
a 10% decrease in load-carrying capacity. How-
ever, it is important to acknowledge that signifi-
cant reduction in stiffness alters the static scheme 

of the entire structure, leading to different stress 
distributions in structural elements. This aspect, 
however, was not covered in the paper and re-
quires further analysis in future studies.

Hybrid connections of this type can potentially 
serve as structural joints because of the innovative 
concept of combining components. Steel plates 
can be covered with adhesive and then inserted 
between wooden parts. Next, the bolts, tightened 
with a proper tightening torque value, can work 
as clamps producing enough clamping pressure 
for adhesive curing, using no other equipment, en-
abling the joint to be assembled directly on the con-
struction site. The author knows that applying the 
assumptions proposed in the article requires many 
other studies. Necessary is, among other things, to 
test the strength of the connection between impreg-
nated wooden elements and anti-corrosion pro-
tected steel elements, because adhesion may vary. 
Other important directions of research include be-
haviour under cyclic and long-term loads and du-
rability under changing environmental conditions.

When the aforementioned analyses are pro-
vided, the design methods can be evaluated prop-
erly. Incorporating numerical modelling based 
on complex Finite Element models, validated by 
laboratory tests, can be extremely important in 
this case. Preparing such models and performing 
analyses are planned in the near future.
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Figure 8. Mean failure force depending on the form of failure
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