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Influence of the joining technique on the structural
behaviour of hybrid timber-steel cross-sections
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ABSTRACT ARTICLE HISTORY
Timber as construction material has a long tradition and is Received 1 February 2024
increasingly coming into focus as a renewable material in the Accepted 20 May 2024
planning and construction of buildings. Nevertheless, there are

H L . . - KEYWORDS
mechanical limitations, especially for multi-storey buildings or

Timber; steel; hybrid;

large spans. In order to enable large spans with small cross- component; joint;
sections, steel and timber can be combined in a hybrid cross- connection; adhesive
section for bending beams. In this case, the performance of the bonding; adhesives;
hybrid component decisively depends on the bond of the indi- manufacturing

vidual cross-sections. The aim of this publication is to compare
and investigate different joining techniques for an efficient
bond between timber and steel. Small-scale specimens were
used to investigate different bonding methods: dowel-type
fasteners, punched metal plate fasteners (PMPF) and adhesive
bonds between timber and steel. Adhesive bonded specimens
exhibited stiff but brittle behaviour. The adhesive bond
remained intact in all tests, while shear failure could be detected
in the timber. Adhesive bonds exhibited 93 times the stiffness of
dowel fasteners and 5.5 times the stiffness of PMPF. The load
carrying capacity increased by approximately 80% compared to
dowel-type fasteners and 30% compared to PMPF, demonstrat-
ing the superior suitability of adhesive bonds for high perfor-
mance timber-steel hybrid sections.

1. Introduction
1.1. Motivation

The reduction of CO,-emissions is considered the most significant leverage in
tighting climate change. In Germany, the construction industry is the largest
emitter of CO,.!Y Therefore, it is important to maximize the use of materials
that store CO,, such as timber or engineered wood products (EWPs). To
achieve this goal, policy promotes and requires the use of wood as a building
material in its Charter for Wood 2.0'! at the federal, and local levels." Due to

CONTACT Matthias Albiez €) matthias.albiez@kit.edu () Steel and Lightweight Structures, Karlsruhe Institute of
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this program, the state is compelled to favour public buildings and moder-
nisations as timber or hybrid constructions, combining timber with other
materials, whenever possible.””) However, timber structures are subject to
several limitations, such as the requirement for large cross-sections when
utilised in multi-storey or large-span constructions, where significant loads
are imposed, and deformation criteria are critical.

1.2. Hybrid timber sections

There are several strategies to increase the mechanical performance of struc-
tural elements, i.e., to enable large spans or reduce cross-sections. When
dealing with steel or aluminium, metallurgy may be used to significantly
increase strength at the level of the material, leading to ultra-high strength
steels unthinkable of decades ago."! This is not an option for timber-based
structural elements, as there is very little room to tweak wood’s natural
properties other than favouring specific wood species. Additionally, wood, if
considered as a raw material, has strong limitations about dimensions, both in
terms of cross-section and lengths, not to talk about naturally induced defects
(as knots).

Early on, timber engineering has addressed this issue by exploring possibi-
lities of composite structures. Already in the Middle Ages carpenters used to
combine several smaller wooden elements to larger ones, relying of mechan-
ical interlocking supported by metallic connections.”®" A step further was
taken with the introduction of glued-laminated timber (GLT, colloquially
called glulam), which allowed for much more architectural and engineering
freedom.””! As revolutionary as GLT is, it largely remained a linear - yet
allowing for curvature in one plane - structural element. The next step was
then taken by the introduction of cross-laminated timber.”®! CLT, which
broadly speaking, extended GLT’s concept of adhesively bonding smaller
boards to form larger structural elements to planar elements. Both GLT and
CLT heavily rely on adhesives to form what timber engineering refers to as
engineered wood products (EWP).") The list of EWP is not limited to GLT
and CLT, as others, such as laminated veneer lumber (LVL), following similar
principles exist, with variations thereof still being developed. Blafl and
Frese!'”) combined hardwood, due to its superior strength, as top and bottom
layers with softwood in the centre; Frese'!! investigated hybrid beams with
beech LVL in the tensile zone and spruce laminations in the rest of the cross-
section. Such refinements in hybridisation result in significant increases in
carrying capacity of between 20% and 60% compared to spruce glulam. Yet,
such approaches, while having proved very valuable, can neither fundamen-
tally tweak wood’s inherent low stiffness (expressed in terms of Young’s or
shear modulus) nor strength (whatever tensile, compression or particularly
shear) is of interest.
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Figure 1. Excerpt of the tested column types in

Engineers have resorted to combining wood with other materials,
favouring those that provide for the stiffness and strength timber
alone lacks. A particularly prominent and successful example of this is
the combination of timber with concrete!'>™**! for example. Now largely
used for flooring, the complimentary properties of timber and concrete
enhance the performance of the so-called timber-concrete-composite (or
TCC) floors, including bending stiffness, load-bearing capacity, dynamic
response, airborne sound transmission, structural fire rating, and ther-
mal mass.

Such combinations are also possible with a plethora of other
materials,!'® e.g., reinforced timber with steel, aluminium, fiberglass
etc. The combination of timber and steel, which is in the focus of the
research presented herein, has also been investigated, herein illustrated
on three examples. Riola Parada''”! summarized previous research on
hybrid timber-steel beams, categorizing the methods into three types: (i)
horizontal steel elements to strengthen the tensile and/or compressive
zones, (ii) vertical steel elements to improve timber shear capacity, and
(iii) a combination of both. Steel can be positioned inside or outside the
timber cross-section in all categories. Nabati!'®! tested timber and steel
combinations under 4-point bending on small-scale specimens (HxW =
46 x 46 mm), covering all three categories (i, ii and iii) defined above.
The combination of inner vertical and outer horizontal steel elements
showed the best results, with stiffness values 7 times higher, if compared
to the reference situation without hybridization. Kia et al.'”! found that
hybrid timber-steel columns significantly increase stiffness and ultimate
bearing load. Testing three column types - timber-only, hybrid without
adhesive, and hybrid with adhesive - they observed a 24% and 102%
increase in ultimate load for the hybrid columns without and with
adhesive, respectively, compared to timber-only columns. The tested
cross-sections are shown in Figure 1. The tests simplified load introduc-
tion with a 25 mm thick metal plate to ensure a flat cross-section and
facilitate analytical calculations while ensuring material interaction.
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1.3. Joining techniques within timber and hybrid timber structural elements

For timber-based hybrid sections or structures to achieve efficacy, it is
essential that they are interconnected in a suitable manner, as otherwise
the benefit of involving a material with superior mechanical performance
alongside wood is wasted. Because of its inherent characteristics such as
natural fibrous orthotropy and, depending on the type of loading and
brittleness, timber permits only a restricted number of connections type.
To not extend this introduction, the following will focus on connections
permitting the transmission of shear, which is the one relevant for hybrid
structures acting in flexion.

The first method to connect timber elements so to ensure the transmission
of shear is mechanical interlocking. It is probably the oldest one, known in
carpentry for centuries, if not millennia.'”’ Kerf connections, as used for
TCC2?! are modern interpretations of mechanical connections for timber-
based hybrid structures. Mechanical interlocking can also take the form of
studs, nails, (self-tapping) screws, (glued-in) rods etc.*?! Yet another variant is
the consideration of light gauge steel nail-plate!®®! punched metal plate
fasteners®* and therelike.

Dowel-type connections are widely utilised in timber engineering across
various structural uses. Despite the century long experience, existing design
rules primarily rely on empirical data and testing rather than a robust mechan-
ical basis.!*™ This limitation still hinders the optimization of these connec-
tions, crucial for economically efficient structural designs. In most cases,
doweled connections require some relative displacement to activate load-
transmission, which results in relatively low stiffness. Despite first appearing
as a particular case of mechanical interlocking, experiments and simulations
on doweled connections have highlighted the impact of friction on the
mechanical performance thereof.*® In the United States of America, flitch
beams are a standard construction method in house construction, with design
guides dating back to 1997.1%”) Flitch beams combine one or two vertical steel
elements with outer timber components. The stiffness of the connection
between the steel and the timber element of flitch beams is crucial for those
systems, hence research projects investigated alternative methods like shot
fired dowels.**!

Another, very performant, connection method for hybrid structures invol-
ving wood is offered using adhesives. Archaeology!*” has shown that
Neanderthals have already manufactured “hybrid” tools made of timber and
stone, and there is recorded use of natural (casein-, gluten-based) adhesives,
e.g., in carpentry, during antiquity and the medieval period. Since then, and
particularly with the advent of adhesives based upon petrochemistry, e.g.,
phenolics, urethanes (including polyurethanes), and epoxies in the 20™ cen-
tury, adhesive has become an important joining method in timber
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engineering. On one hand it is the basis of manufacturing the aforesaid EWP
(GLT, CLT, LVL), but also the most crucial element in high-performance
joining techniques as glued-in rods.*°~?! The following, only hybrid struc-
tures involving adhesives will be further discussed, for more global aspects
related to timber and adhesives, refer to.”*’!

Adhesively bonded hybrid structures involving timber are manifold. To
keep this introduction short, only two applications shall be discussed. Firstly,
adhesively bonded TCC, that is the combination of timber with concrete, in
which the connection is achieved by means of an adhesive layer. Tannert
et al.®¥ is a good reference for a review of the state of the art, and the
principles behind the concept. In their study, they investigated the structural
response of small-scale shear specimen comparing the performance of self-
tapping screws, an adhesive layer (2K-epoxy), and the combination thereof.
Specimen with self-tapping screws showed ductile behaviour, adhesively
bonded specimens failed brittlely, and hybrid systems exhibited distinct failure
phases with increased slip post-adhesive failure. The hybrid approach provides
a balance between ductility and stiffness, eliminating trade-offs in design.
The second examples, by Vallée et al.** considered the hybridization of
adhesively bonded and (steel) dowel joints via steel plates. The investigations
were carried out at the level of small-scale joints, complemented on large-scale
trusses. Bonded connections outperformed doweled ones significantly in both
strength (by around 40%) and stiffness (by over 300%). This advantage is
attributed to immediate force transmission and node restraint in bonded
connections, reducing deformation.

Yet, despite the mechanical superiority adhesive bonding allows for in the
setting of timber-based hybrid structures, including in combination with steel,
it is necessary to formulate some caveats related to the manufacturing process.
The process requires much more care, involves long(er) waiting times due to
curing, depends on qualified personnel, involves aspects as surface prepara-
tion, and requires controlled environmental conditions."** All these aspects
make adhesive bonding potentially prone to a series of imperfections and
defects mechanical fastening is not subjected to."*! This, besides the lack of
clear standardisation and codes, leads to the reluctance of practitioners, which
is exacerbated when it comes to bonding operations on site. One possibility to
mitigate such concerns consists in relocating as much as possible of adhesive
bonding operations in workshops under controlled conditions. One of the
many possibilities this translates into has recently be presented by Boretzki
et al.*”) and Myslicki et al.*®) in a setting completely unrelated to timber
engineering. The authors deliberately ignore at this point further potential
issues related to bonding in general, including that involving timber, most
notably the known significant dependency of strength (and to a lesser extent
stiffness) on size, commonly referred to as size-effects, all of which they are

,39-42
well aware,[2®39-421



6 (&) P.HAASEETAL.

1.4. Friction between timber and steel

Tests to determine the coefficient of friction between wood and steel have been
performed as early as 1940'**~**) and more recently with laminated veneer
lumber (LVL) and steel.'*®) Mean friction coefficients between wood and steel
of us=0.32 and yj =0.27 were evaluated. Measures to increase the friction
between wood and wood were also investigated, but discarded due to major
uncertainties of success'*>*”! However, as the results in**! and"*® have shown,
an increase in friction between wood and steel is feasible with a surface
modification of the steel part. Based on these tests, different surface modifica-
tions were recently investigated by Aurand & Blaf!****! with the aim to
increase the coefficient of friction in the shear plane of timber connections.
For steel applications, the most promising modifications are either a milling or
coating of the surface (section 2.4.1 of this manuscript describes the corre-
sponding surface treatment in detail). This leads to an increase by a factor of
more than two compared to the values found in the literature. However, the
increase in friction depends on an appropriate contact pressure to ensure an
even impression of the coated surface.

1.5. Scope of this paper

There are many ways to ensure the connection between timber and steel so to
form hybrid structures. As the short review of the state of the art has shown,
the use of dowels or bolts, and that of adhesives, to some extent represent two
extreme situations. Dowel, while widely accepted and easy to implement,
usually results in low mechanical performance, in particular regarding stiff-
ness. Adhesively bonded connections, on the other hand, while extremely
performant in both strength and stiffness, are still reluctantly considered by
practitioners, in particular because of the more complicated manufacturing
process involved. This paper investigates methods that mitigate between these
two extremes, by combining adhesive bonding with mechanical fastening or
with methods for increasing the roughness of the overlapping joining parts,
and compares their performance to the aforesaid extremes.

2. Materials and methods
2.1. Materials

2.1.1. Timber and GLT

All test series were performed with spruce glued laminated timber GL24h
according to DIN EN 14080. This type of timber was chosen as it is standard in
European timber construction. In addition, analytical calculations on hybrid
cross-sections with a full bond have shown that the material properties of
GL24h complement each other very good with steel grade S355. The density of
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the timber (moisture content between 9.7 and 11.1%) used for the test speci-
mens was measured and resulted to p = 433 + 23 kg/m”, which is 3% above the
mean value according to DIN EN 14080. The mean density of each test series is
shown in Table 2. The relevant mechanical properties according to DIN EN
14080 are Eg nean = 11500 MPa, f, o) =19.2 MPa and f; ) = 3.5 MPa. For the
analytical calculation of the estimated loads, the characteristic properties were
converted to mean values, assuming a normal distribution (according to DIN
EN 14358, The respective coefficients of variation (COV) for the different
material properties were assumed according to.!?

2.1.2. Steel

All test series in this paper were manufactured with the material combination
of §355 steel and GL24h timber. Mechanical characteristics according to DIN
EN 10025°*! of $355 were used to analytically calculate the estimated loads.
The Young’s modulus is therefore E = 210000 MPa and the characteristic yield
strength is f, =355 MPa. In contrast to timber construction, the average
material properties are used as characteristic values in steel construction.
Therefore, no further conversion of the material properties is necessary.

2.1.3. Adhesives

Four different adhesives were used for the specimens in this study. Two
bisphenol-A epoxy systems (EP 1 and EP 2) and one polyurethane (PUR)
adhesive were used to bond steel and timber. All adhesives were characterised
in previous studies'®***! as bulk in tension tests (acc. to DIN EN ISO 527-
2P¢1), and both Young’s modulus and tensile strength determined. The stress-
strain curves of EP 2 and PUR are shown in Figure 2. Both adhesives show an
almost linear behaviour at the beginning of the test. Then the stiffness
decreases until the specimens fail brittle. The uniaxial tensile tests were
performed at room temperature using a servo-hydraulic testing machine.

w S
o o

|
|i=

0,0% 0,5% 1,0% 1,5% 2,0% 2,5%
Strain [%]
—EP2 — PUR

Tensile stress [MPa]
N
o

=
o

o

Figure 2. Stress-strain curve EP 2 and PUR.
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Table 1. Mechanical properties of the adhesives (lap shear strength on spruce).

Adhesive Young's modulus [MPa] Tensile strength [MPa] Lap-shear strength [MPa]
EP1 6300* 246 + 6.8* 5.4 +0.74
EP 2 5400 + 110 450+ 1.4 6.0 = 0.61
EP 3 4440 + 80* 30.8 £ 0.3* 4.6 +0.42
PUR 5000 + 490 455+ 0.7 7.7 £ 1.16

*values for EP 1 from™* and for EP 3 from®°.

Additionally, lap shear strength of EP1, EP2, and PU were determined on lap-
shear samples (following DIN EN 1465°”!) made of spruce. As all lap shear
tests failed in the wooden substrate, resulting in data that shows no statistical
difference (following an Analysis of Variance (ANOVA) at a significance level
of 0.05) the results provided did not allow for indications on the adhesive’s
intrinsic shear strength. All mechanical properties are illustrated in Table 1.

2.1.4. Bolts

Bolts are a standard joining technique in timber engineering. A diameter of 10
mm and a length of 240 mm was used for the bolts, and a diameter of 50 mm
for the washers (Figure 8c). Within the scope of this paper, tests with laterally
loaded bolts were carried out. Tensile and bending tests according to DIN EN
4098 were performed to characterize the mechanical properties of the bolts.
An average tensile capacity of 34.5 kN which equals f,;, =660 MPa, and a yield
moment of My, =58.6 Nm at a bending angle of 110°/d = 11° were reached.

2.1.5. Punched metal plate fasteners

The concept involved modifying steel profiles to interlock with timber.
However, direct implementation on the steel surface was not possible. The
PMPFs M 20 H by MiTek, essentially nails measuring 8.5 mm in length, with
a 1 mm thick base plate, were adhesively bonded to the steel specimens using
EP 3. They were then pressed into timber, utilizing their tooth-like structure.
Made from strip galvanized S350 GD+Z, these PMPFs were approved for

Table 2. Results.

Shear
Joining Number of Density ~ Ultimate load  Displacement at stress  Stiffness [kN/
technique specimens [kg/m3] [kN] Fmax [Mmm] [MPa] mm]
Bolts 3 467 £ 115 292 +28 9.1 £341 20+02 13830
Silica sand + 5 431 +18.0 376 £6.3 14.2 + 3.86 25+04 9.0 +09
bolts
Milled surface + 3 452 £ 4.2 351+16 159 £1.97 24+0.1 83+12
bolts
PMPF 3 448 + 8.4 425+038 0.52 = 0.06 29+ 0.1 206 = 59
PMPF + bolts 3 440 £ 496 52453 1.30 + 0.02 3504 144 +27
EP 1 5 423 +£1.0 49.7 £ 76 0.09 = 0.01 34+05 1002 £115
EP 1 + bolts 5 426 + 20.1 65.9 = 6.5 0.13 = 0.02 44 +04 832%112
EP 2 3 400 = 4.5 65.1 = 3.6 0.13 = 0.01 44+02 914+57
PUR 5 427 £ 155 58178 0.01 = 0.01 3905 1049 +43
PUR + bolts 5 425 + 6.0 65.1 + 4.7 0.12 £ 0.01 44+03 1053 +63
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structural use in timber engineering.*®! According to the manufacturer, the
tensile strength of the material is R, =420 MPa and the characteristic tensile
strength of the PMPF in the used x-direction is f o) = 171 N/mm."**]

2.2. Test series and program

The test program was designed with a structured approach in mind. Initially,
the aim was to compare the effects of different adhesives (EP1, EP2, and PUR).
Subsequently, the impact of hybridization on two of these adhesives was
examined. Following this, the influence of the PMPF, and finally, the effect
of the steel surface condition was analysed. This systematic approach allowed
for a methodical assessment of each variable’s contribution to the overall
outcomes, ensuring a comprehensive understanding of the experimental
results. All of these configurations were then tested against a reference case
with fitting bolts only. Figure 3 illustrates the parameter investigated in each
test series.

2.3. Test specimens

The investigation regarding the different joining techniques is based on small-
scale joint tests consisting of timber and steel parts. The specimens are
designed symmetrically so to minimise bending moments. Therefore, each
specimen has four shear planes. Figure 4 shows an exemplary test specimen
with GL24h, S355 and the joining technique of adhesive bonding with addi-
tional bolts. The dimensions of the specimens were selected based on the
ultimate loads of the joints with bolts. These joints were designed in such way,
that the bolts become the decisive element with two plastic hinges per shear
plane.

The estimated load-carrying capacity was determined analytically. For
the first group, the European Yield Model (EYM) was used, according to

@

@ (@

- bz s

. . : ‘ I .
g

Reference Without With Without With Milled Silica

specimens bolts bolts bolts bolts sand

Modified steel
surface

Adhesive bonding PMPF

Figure 3. Test specimens.
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. — Steel S355 ¢, =20 mm

124.5 1} 124.5

R T T
250 ‘

‘ 500
| !

221
t

Width b =60 mm

specimen

Figure 4. Specimen geometry, all dimensions in mm.

DIN EN 1995-1-1 (Eurocode/EC 5°). The estimated load for the joints
with only bolts is calculated using mean values to F.=31.4 kN. As the
load has to be transferred from the steel member to the timber members
and back to the steel member with one bolt per joint, this load refers to one
bolt with its two shear planes. Due to the lack of information about the
influence of the roughened steel surface the same load is estimated as for
the specimens without roughened surface. However, it can be expected that
the maximum load capacity can be increased by the roughened surface.

The estimated load for the second group with continuous connection is
calculated to F. =622 kN. This load refers to two shear planes with an
effective area of A= 14849 mm? The expected failure mode is shear failure
of the timber. The mean shear strength of timber was assumed to be f,=4.2
MPa (with COV = 10%>?)). Every specimen has four shear planes.

2.4. Manufacturing processes

As explained in Section 2.2, this paper compares three different joining
techniques of steel and timber, i.e. adhesive bonding, bolts and PMPF. Every
joining technique requires a specific manufacturing process. Therefore, the
following sections describe all steps to manufacture the joint between steel and
timber.

2.4.1. Joints with bolts

In the first test series, the specimens are joined with two M10 4.6 bolts (see
section 2.1.4, one for each shear connection) with a length of 240 mm. Each
joint consists of two timber side members and a steel middle member, thus
resulting in two shear planes per fastener. The bolt holes were drilled in one
step, using a special drill (Wiirth HSS smart step), to drill through both
materials in the same process. The nuts were then tightened with 25 Nm.
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(a) Application of EP 3 (b) Pressing the silica sand into the (c) Silica sand on steel plate
adhesive

Figure 5. Manufacture of coated surface with silica sand.

Additionally, two test series with bolts in combination with a roughened
steel surface (see Figure 3) were investigated. For the first surface modification,
silica sand was adhesively bonded with EP 3 on the steel, as shown in Figure 5.
The higher viscosity of EP 3, and its much higher filler content, required
a adhesive thickness of approximately 0.5 mm. To achieve this, a tape with
corresponding thickness was used on both ends of the adhesive layer. The
adhesive was applied with a spatula between those tapes. Afterwards, excessive
adhesive was removed with a metal profile using the tapes as a spacer for the
defined adhesive thickness, see Figure 5a. The silica sand was then pressed by
hand into the adhesive, see Figure 5b. Almost 90% of the grain size of the silica
sand is between 0.5 and 0.8 mm. The steel plates coated with silica sand are
shown in Figure 5c. The final step in the manufacturing process was to drill
holes for the fitting bolts. The specimens were pre-stressed orthogonally by
tightening the nuts to the same torque as the specimens without silica sand.

For the second surface modification, a circular pattern was milled into the
steel plate. This was achieved with a NC milling machine and the combination
of a high rotation speed of the milling head, and a high feed rate of the steel
plate (Figure 6a). Furthermore, only two of the removable inserts are attached
to the milling head (Figure 6b). This results in the milling head only cutting
out some parts of the steel surface (Figure 6¢). The assembly of the specimens

(a) Milling process (b) Milling head (c) Milled surface

Figure 6. Manufacture of milled surface.
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is equivalent to the specimens with silica sand and the specimens without
a roughened surface.

2.4.2. Punched metal plate fasteners (PMPF)

The PMPF were bonded to the steel surface with EP 3. The contact surfaces
were sandblasted and degreased with methyl ethyl ketone (MEK). As the
PMPF were not perfectly flat due to their manufacturing process, a thickness
of 0.5 mm was insufficient for a continuous connection. Therefore, an adhe-
sive thickness of approximately 1.5 mm was chosen. The adhesive was applied
with a spatula (Figure 7a) and trimmed with a metal plate. After applying the
adhesive, the sandblasted side of the PMPF was pressed into it. Weights of 10
kg, resulting in a pressure of 0.013 MPa, were used to press the PMPF onto the
steel plate while curing. The nails of the cured and bonded parts were then

(a) Application of EP 3 (b) Bonded PMPF on the steel parts

Figure 7. Manufacture of the specimens with PMPF.

(c) Prestressed specimen (d) Removed adhesive

Figure 8. Manufacture of a specimen with adhesive.
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pressed into the timber parts, using a hydraulic press. One Test series speci-
mens were tested in combination with PMPF and bolts. Holes for the bolts
were drilled as the last step of production, similar to the test specimens without
PMPEF.

2.4.3. Adhesively bonded

The preparation of the bonding parts has a major impact on quality and
performance of the joint. To guarantee quality and replicability, steel parts
of the joints were sandblasted to SA 2 % according to DIN EN ISO 8501-1!¢")
and degreased with MEK. The PUR adhesive system requires an additional
primer to prepare the surface. Timber surfaces were planed on the day of
manufacturing. The timber and steel parts of the specimens with additional
bolts were drilled before preparing the surface.

A notched spatula with 4 mm notches applied a 0.5 mm thick adhesive layer
to timber parts, as seen in Figure 8a. A spacer was inserted between steel plates,
covered with tape to prevent bonding (Figure 8b). Pre-stress perpendicular to
the adhesive layer was applied to achieve a thickness of less than 0.5 mm. In
preliminary tests, when employing this manufacturing method in conjunction
with adherends crafted from acrylic glass, layer thicknesses ranging from 0.4 to
0.5 mm were attained. Specimens without bolts were pre-stressed using screw
clamps, while those with bolts had nuts tightened to 25 Nm (Figure 8c). Excess
adhesive was removed, and after curing, screw clamps were removed, leaving
bolts tightened.

2.5. Test procedure and evaluation

The tests are carried out according to DIN EN 26891.1°* This standard
describes the testing of timber joints with mechanical fasteners. For the tests
a servo-hydraulic 250 kN testing machine was used. All tests were performed
at room temperature. The specimens are force controlled loaded up to 40% of
the estimated load and then unloaded up to 10%, with holding times of 30
seconds at each change of the load direction. The specimens are then loaded in
displacement control until failure.

Deformations are measured using a DIC system from LIMESS Messtechnik
u. Software GmbH, capable of recording both large (up to 15 mm) and small
(down to 0.01 mm) displacements. Measuring points with a speckle pattern
ensure accurate tracking. Six locations on each specimen are assessed, as
shown in Figure 9a. Relative displacements between steel and timber are
measured for each shear plane. Specimens are clamped in the testing machine
(Figure 9b), and Figure 9c depicts a specimen after failure.

For each specimen, the ultimate load is evaluated, as well as the stiffness in
the range of 10% and 40% of the ultimate load. All results refer to the load/
stiffness of one bolt, i.e. two shear planes. The figures in section 2.5 display the
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(a) Evaluation points on the (b) Specimen in test machine (c) Specimen after failure
specimens

Figure 9. Test procedure.

averaged load-displacement curves of every specimen in a test series in grey
and one representative curve in colour. The representative specimens are then
used for the discussion of the results in Chapter 4. For all test series, the load-
displacement curves are cut of at the ultimate load by means of readability.
To determine the statistical significance of the various parameters on load-
carrying capacity and stiffness, multiple analyses of variance (ANOV As)!®*!
with a significance level of a = 0.05 were conducted with OriginPro2023b.

3. Results

The following section illustrates the results of the tested joining techniques. All
diagrams show the load on the y-axis and the displacement on the x-axis. Due
to different stiffnesses, the scale illustrated in the figures differs between the
joining techniques.

3.1. Joints with bolts

Measurements using the DIC system resulted in four load-displacement
curves which were averaged for each specimen; only bolts are shown in

50 50
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°
820 20
— F_=292+28kN F__=37.6+6.3kN / F __=353%+16kN
max max / max
10 f -=2.0MPa 10 f =2.5MPa 10 f =24 MPa
v,equiv v,equiv v,equiv
0 0 0
0 5 10 15 20 0 5 10 15 20 O 5 10 15 20
Displacement [mm] Displacement [mm] Displacement [mm]
(a) Bolts (b) Bolts + silica sand (c) Bolts + milled steel

Figure 10. Bolts with and without modified surface.
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(a) Opened specimen with (b) Coated surface after the (c) Milled steel surface after
bolts test the test

Figure 11. Typical failure modes for specimens with bolts.

Figure 10a, bolts and a silica sand coated steel surface in Figure 10b, and
10c shows milled steel surface. All specimens show a stiff load-
displacement behaviour at the beginning of the tests up to 6 to 10 kN.
Afterwards the joining parts slide until the bolt is in contact with the edge
of the clearance. The stiffness increases again and the load rises linearly.
The hysteresis loop does not affect any additional slip. A loss of stiffness at
a load level between 22 and 25 kN is followed by a nearly linear rise of the
load with a lower stiffness until the maximum load of the specimens was
reached.

The maximum load is between F,, = 29.2 kN (only bolts) and F,,,.x = 37.6
kN (bolts + silica sand). All results are tabulated in Table 2.

After the maximum load, the specimens load drops slowly and incremen-
tally without a significant load drop. Figure 11 shows opened specimens after
the tests. Two plastic hinges are formed per bolt and shear plane and the
timber begins to split.

3.2. Punched metal plate fasteners (PMPF)

With increasing deformation, the load of the specimens with PMPF rises
nearly linearly at the beginning of the tests. The hysteresis loop does not
affect a slip or a loss of stiffness. With rising displacements, the stiffness
decreases. Without bolts, a maximum load of F,,,x = 42.5 kN was reached,
which equals a shear stress of f, =2.9 MPa. The specimens fail without
a drop of the load, but with increasing displacements the load decreases
until no residual load capacity is left. With bolts, the load reaches F.x =
52.4 kN (f, =3.5 MPa), and also fail without a drop of the load. Due to
the bolts, the load decreases until a load level was reached at which only
the bolts transmit the load. In Figure 13 the specimens with PMPF are
shown after the tests (with large deformations, not shown in Figure 12).
The failure occurs in the timber element, near to the nail tips. With bolts,
the PMPF tips are pulled through the timber and the timber started
splitting.
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Figure 12. Specimens with PMPF with and without bolts.

(a) Specimen without bolt (b) Specimen with bolt

Figure 13. Fracture patterns of specimens with PMPF.

3.3. Adhesively bonded

The load-deformation behaviour of all specimens with an adhesive bond,
with and without an additional bolt, are shown in Figure 14. Specimens.
The load-deformation behaviour is linear up to 40 kN. In the test series
with EP 1 and bolts, the end faces of the steel parts are adhesively bonded
on one specimen (shown in Figure 12 in grey as it is not the representa-
tive specimen). Since the force was transmitted via the steel-steel bonding
at the beginning of the test, the initial load-displacement behaviour of this
specimen is much stiffer. This connection fails at about 36 kN.
Nevertheless, this specimen has the same load-displacement behaviour
after the failure of the bond of the end faces. The hysteresis loop does
not affect any slip or loss in stiffness. Afterwards, a gradual, minor
reduction in stiffness until brittle failure can be observed at a maximum
load between F,,,=49.7 kN (EP 1) and F,,,=65.9 kN (EP 1 + bolts).
This corresponds to shear strength between f, = 3.4 MPa and f, = 4.4 MPa.
Without additional bolts there is no residual load carrying capacity. With
bolts, the load drop to a load level, where only the bolts transmit the load.
The fracture patterns of the specimens without bolts are shown in
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Figure 14. Test series with adhesive bond with and without bolts.

(a) Failure surrounding the (b) Failure near the adhesive (c) Timber fibres on the
left steel component layer opened specimen

Figure 15. Fracture patterns of adhesively bonded specimens.

Figure 15. The failure of all test specimens is in the timber component
close to the adhesive layer.

The fracture pattern of the specimens with adhesive bonding and bolts are
shown in Figure 16. Initial failure is shear failure of the timber, similar to the
series without bolts. With further increasing machine displacement, load-
displacement and failure behaviour are similar to the series with solely bolts.
Yielding of the bolts as well as splitting of the timber parts occurs. Figure 16a
shows the left side of a failed specimen, with relative displacement between
timber and steel of the upper shear plane, while the lower shear plane is still
intact. On the right side, the specimen failed at the lower shear plane, with the
upper shear plane still intact. Figure 16b shows the end grain of one timber
part after testing. The splitting as well as the shear failure are visible. Figure 16¢
shows an opened specimen with a failure surrounding the left steel element.
The left bolt has two plastic hinges per shear plane, while the right bolt is not
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(a) Shear failure in the timber (b) Splitting due to the bolt (c) Split specimen
component

Figure 16. Fracture patterns of adhesively bonded specimens with bolts.

deformed. Section 4 offers a more detailed comparison between the specimens
with and without bolts. The post-peak behaviour of exemplary tests is shown
in Figure 21. All specimens without additional bolts show brittle failure with-
out residual load-carrying capacity. The specimens with bolts also show brittle
failure, but with residual load-carrying capacity.

3.4. Summary of test results

In summary, Table 2 shows the results of all tested joining techniques. Besides
the ultimate load and the displacement at the ultimate load, the equivalent
shear stress and the stiffness between 10% and 40% of the ultimate load are
shown.

4. Discussion
4.1. Comparison of joints with bolts

The load-displacement behaviour and the stiffness of the specimens with
only bolts to the specimens with bolts and a modified steel surface is compared
in Figure 17. The reference specimens without a modified surface exceed the
static frictional force between 6-7 kN. Specimens with adhesively bonded
silica sand on the steel surface exceed this point between 5-6 kN. The pre-
stress caused by the bolts is insufficient to press the sand into the timber
surface. However, with increasing displacements, the rope effect presses the
sand properly into the timber parts, thus increasing the load capacity due to
mechanical interlocking. The rope effect is a phenomenon observed in later-
ally loaded timber connections, where the withdrawal resistance of fasteners,
such as nails and screws, significantly impacts the load-bearing capacity. This
effect is particularly pronounced in slender dowel-type connections.!** The
milled steel surface results in an increase of the static frictional force to more
than 9 kN. Two one-way ANOV As were conducted to investigate the signifi-
cance of the higher friction of the modified surfaces (silica sand and milled) on
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Figure 17. Influence of the steel surface.

the stiffness (p =0.016) and the ultimate load (p =0.097). This confirms that
the modified surface has a significant influence on the stiffness, but not on the
ultimate load. The mean stiffness of the series with bolts is slightly higher than
of the corresponding series with modified surfaces. Due to the higher static
friction in relation to the ultimate load, specimens without modified surface
are stiffer between 10% and 40% of the ultimate load. The stiffness of every
tested series is calculated in Table 2. On average, the stiffness of all test series
with bolts is 10.3 kN/mm with a standard deviation of 2.4 kN/mm.

In this test group with bolts, it is evident that for each joining technique, the
expected failure mode involves the occurrence of two plastic hinges, as
demonstrated in Figure 11. The specimens without a modified surface were
unable to achieve the analytically estimated load of 31.4 kN for this failure
mode. Conversely, as anticipated, specimens with a roughened surface sur-
passed the estimated load due to increased friction. The investigations on
roughened surfaces show that the static friction can be increased. The chal-
lenge is to generate a sufficiently high perpendicular pressure that allows
interlocking with the timber surface. As described, this can be achieved with
the milled surface in the present investigations and the perpendicular pressure
was not high enough to properly press the sand into the timber surface.

4.2. Comparisons of specimens with punched metal plate fasteners (PMPF)

The test series of the specimens with PMPF are illustrated in Figure 18. The
load-displacement behaviour shows a very similar curve for both test series
until the specimens without additional bolts fail. The specimens with
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Figure 18. All test series with PMPF.

additional bolts reach higher ultimate loads, the curve flattens after exceeding
the ultimate load of the specimens without bolts. Due to the displacements of
over 0.5 mm, there is no clearance around the bolt and force can be trans-
mitted in the timber element. The presence of an additional bolt does not exert
a significant influence on either the ultimate load (p = 0.091) or the stiffness (p
=0.253). Nevertheless, due to the limited number of specimens, further testing
of specimens with this joining technique is required to statistically confirm
those results.

Specimens with PMPFs show a stiffness of 206 + 59 kN/mm and specimens
with PMPFs and additional bolts provide a stiffness of 144 + 27 kN/mm. The
averaged stiffness of all specimens with PMPFs results in 175 kN/mm with
a standard deviation of 31 kN/mm.

To illustrate the post-peak behaviour, Figure 19 shows displacements up to
4 mm on the x-axis. Both series with PMPFs show ductile behaviour after
failure. No sudden loss in transferable load occurs. This might be explained by
the condition of the fracture surfaces. Since the specimens failed in the layer of
the nail tips, a very rough surface is created. Although, in the specimen with
PMPF without bolts, shear failure separates the specimen completely, residual
loads can be transferred. As the specimen is clamped into the testing machine,
lateral displacement of the separated parts is prevented. This leads to con-
siderable friction in the fracture surfaces, which results in a residual load.

For the series with additional bolts, shear failure occurs at a displacement of
about 2 mm. Afterwards, the combination of rough shear surface and ortho-
gonal force from the bolts, results in a nearly constant residual load even for
displacement above 4 mm.
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Figure 20. All test series with adhesive bonding.

4.3. Comparison of adhesively bonded joints
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To compare the five adhesively bonded test series, Figure 20 shows an exemp-
lary load displacement curve for each series on the left side. The displacement
on the x-axis is further scaled to 0-0.2 mm due to the much higher stiffness. As
shown in the left diagram of Figure 20, the qualitative behaviour is similar for
all specimens. All specimens, regardless of the adhesive used or the use of
additional bolts, showed a shear failure in the timber component.



22 (&) P.HAASEETAL.

90 . ; :
80 1t
70

Load [kN]
F NS ) BN e ))
o O o

w
o

N
o

10}

EP 1 + Bolts

1.5
Displacement [mm] Ultimate Load

Figure 21. Post-peak behaviour EP 1.

Two one-way ANOVAs (EP1, PUR and EP2) were conducted to inves-
tigate the significance of the influence of the adhesives on the ultimate
load and the stiffness of the specimens. No significant influence was
found on the ultimate load (p=0.064) and the stiffness (p=0.172).
A two-way ANOVA (EP1, EPl+bolts, PUR and PUR +bolts) showed,
that there is a significant influence on the ultimate load of the additional
bolts (p=0.004). A second two-way ANOVA of this group shows that
there is no significant influence of the additional bolt on the stiffness (p =
0.103).

The exemplary post-peak behaviour of one specimen with EP 1 and bolts,
one specimen with EP 1 and one reference specimen without adhesive is
shown in Figure 21. The specimen with EP 1 and additional bolts shows
a brittle failure of two shear planes at 73 kN and 0.16 mm of deformation.
As result, the load drops to 2.3 kN and the specimen slips up to 0.3 mm. From
this point the bolt presses against the timber and transfers the load. The hole
clearance of the bonded specimens with additional bolts is smaller than that of
specimens with solely bolts. This could be due to excess adhesive filling the
hole clearance and the different manufacturing process. With increasing dis-
placements, the load capacity rises again until the yielding point of the bolt is
reached at about 18 kN and 0.4 mm of displacement. The reference specimen
showed a much lower stiffness compared to the bonded specimens, after
exceeding the static friction. The point of yielding is reached at 20 kN and
about 1 mm of displacement. At greater displacements over 1 mm, both speci-
mens with bolts (with and without adhesive) have a similar load deformation
behaviour, since the bolts transfer the load.
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In comparison to the specimens with bolts (with and without adhesive), the
specimen without bolts shows a different behaviour. The initial shear plane
fails at 46 kN with a displacement of 0.09 mm. Following a drop in load to 13
kN, the load capacity subsequently increases until a second shear plane fails at
approximately 24 kN with a displacement of 0.27 mm. As a result of
this second failure, the structure loses all remaining load-carrying capacity.
A load plateau sets in at about 5 kN. This is due to the clamping of the steel
components, which generates transversal constraint on the specimen. The
fracture patterns generate friction, which results in measurable residual load.
After approximately 1 mm of displacement, residual load is reduced to
a minimum.

4.4. Classification of stiffness groups and applicability in bending beams

All test series can be categorized into three groups, which differ signifi-
cantly in their ultimate load and stiffness. Figure 22 shows the load-
displacement behaviour up to displacements of 2 mm. The right diagram
in Figure 22 shows the mean stiffness for each category (between 10% and
40% of the ultimate load). The stiffness of 970 kN/mm + 85 kN/mm of the
adhesively bonded specimens is approximately 5.5 times higher than of the
series with PMPF (175 kN/mm * 31 kN/mm) and approximately 93 times
higher than for the series with bolts (10.3 kN/mm #+ 2.4 kN/mm). Besides
the stiffness benefit of the adhesive bonding, the averaged ultimate load of
these test series is 60.8 kN + 6.2 kN and 1.3 times higher than for the series
with PMPF (47.5 kN + 5.0 kN) and 1.8 times higher than for the series with
bolts (34.0 kN + 6.2 kN). The load displacement behaviour up to 6 kN is
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Figure 22. Load displacement behaviour of all test series.
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very similar for all test series. Since the static frictional load depends on the
contact stress in the shear plane, a higher preloading of the bolts would
cause a higher frictional load. However, the limiting factor here is the
compressive strength perpendicular to the grain of the timber. All speci-
mens with bolts were produced with washers with a diameter of 5cm and
A =18.5cm”. This results in a maximum tensioning of the bolt of F=5.5
kN (with f,.90=3.0 N/mm?). The long-term behaviour of timber under
compression perpendicular to the grain will be tested in further investiga-
tions of the research project. In order to efficiently manufacture hybrid
timber-steel bending beams, the objective is to establish a shear-resistant
bond that enhances load-bearing capacity. This is successfully achieved
through comprehensive adhesive bonding across the entire surface area
between the steel and timber components, as anticipated. However, from
a manufacturing technology standpoint, the adhesive bond poses chal-
lenges, necessitating heightened efforts to ensure quality during production.
The concept of adhesively bonded PMPFs was devised to adapt steel
profiles for interlocking with timber, thereby combining the benefits of
high shear stiffness with the ability to apply adhesive bonding in advance,
within controlled workshop conditions. Classical bolted joints, regardless of
steel surface modifications, exhibited insufficient shear stiffness. The
ongoing research includes the application and validation of hybrid timber-
steel beams, employing both adhesive bonding and adhesively bonded
PMPFs, with findings planned for presentation in an upcoming publication.

5. Conclusions

In this study, different timber-steel joining techniques were tested in tensile
shear tests. Both classic, state-of-the-art and innovative joining concepts were
applied and analysed. The materials GL24h and S355 were joined with bolts
(in combination with roughened joining part surfaces), PMPFs and adhesive
bonding. Subsequently, the main results are summarised:

- Significant differences in joint stiffness for different joint types (low
stiffness for bolted joints, joints with PMPF 5.5 times stiffer than bolted
joints, bonded joints 93 times stiffer than bolted joints)

- Highest load for bonded joints, somewhat lower for PMPF (-21%),
significantly lower for bolted joints (-44%)

- Ductile failure for bolted joints with two plastic hinges per shear plane and
splitting of timber element

— Brittle shear failure in timber element for bonded joints and joints with
PMPF

- Ductile post-failure behaviour for bonded joints as well as joints with
PMPF through additional bolts
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Due to their high load capacity and joint stiffness, joining methods with
adhesive bonding and interlocking with PMPFs are presented as promising
options for the usage in bending beams.
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