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Hybrid connection technologies for hollow sections

in steel construction

Circular hollow sections (CHS) offer a variety of constructional
and architectural advantages. Up to now, hollow section struc-
tures have usually been connected by welding, and more rarely
by bolting. However, these established connection methods
have disadvantages. Despite its great success in the mobility
sector, adhesive bonding is not yet used for joining hollow steel
sections in steel construction. Adhesive bonding, however, has
significant advantages, especially if combined with classical
joining processes. To highlight these advantages, this article
presents excerpts from the results obtained in two recently
completed research projects. First, a hybrid brace connection
for hollow section framework structures is presented which
combines welding, bolting and adhesive bonding methods. In
addition, the loadbearing behaviour of a novel hybrid grouted
connection, which advantageously combines adhesive and
grout materials, is analysed and discussed in this paper.

Keywords steel structures; hollow sections; bonded joints; grouted joints;
hybrid joints; destructive testing; numerical analysis; K-joint configuration

1 Introduction

Connections for hollow sections in steel construction are
currently realized by welding or bolting. Welded circular
hollow section joints are used for both longitudinal joints
and for connecting braces to continuous chords, e.g. in
the joints of lattice structures. Chord joints are mainly
provided in the form of full penetration butt-welded con-
nections. Bolted connections for circular hollow sections
represent an alternative to welded connections, but they
remain marginal in practical applications. In the context
of chord joints, bolted flange connections represent an
example. However, both connection methods have differ-
ent disadvantages: With bolted connections, the com-
ponent cross-section is weakened by holes. With welding,
the local energy input during the welding process can
lead to disadvantageous effects on shape accuracy, stabil-
ity and fatigue strength, also static strength in the case of
high-strength steels. An overview of the state of the art in
the field of hollow section steel structures can be found
in [1].

One often underestimated possibility is adhesive bonding
as a structural connection method, which offers potential
for considerable improvement. This potential can be sig-
nificantly increased even further by using adhesive bond-
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ing technology in hybrid connections. Hybrid connection
techniques are already being used successfully in many
industrial applications, with adhesive bonding and bolt-
ing being frequently combined. In the mobility industry
especially, hybrid mechanical/bonded joints are used in a
wide range of applications [2]. An overview of hybrid join-
ing techniques is given in [3]. Intensive research is also
being carried out in structural steel engineering regarding
the combination of bolting and adhesive bonding [4-6].
In the context of this contribution, two recently complet-
ed research projects are presented in which adhesive
bonding was advantageously combined with classic join-
ing processes. First, an innovative hybrid brace connec-
tion for offshore jackets is presented which combines
welding, bolting and bonding [7, 8]. After that, a novel
hybrid grouted joint is presented in which inorganic grout
materials and organic adhesives are used in combination
in lap joints for the first time [9].

2 Hollow section framework structures with
adhesively bonded bracing

2.1 Foundations for offshore wind turbines

Various types of foundation exist for offshore wind tur-
bines. For water depths of more than 40 m, jacket frame-
work structures consisting of circular hollow sections
(CHS) (Fig. 1) represent an alternative to the commonly
used monopiles, especially due to their reduced material
consumption [10-12]. A disadvantage of the jacket struc-
ture is the time-consuming and costly assembly of the
loadbearing structure due to the complex joint configura-
tions [13, 14]. The duration of the welding determines the
total assembly time. Owing to the spatial intersection of
the tubular sections at the framework joints, complex
weld seam geometries are usually present. This greatly
limits the possibility for using automated welding tech-
niques. An additional complication is the fact that some
of the welds must be executed in constrained positions.
For final assembly, large open areas are required, as the
individual components must be joined in both horizontal
and vertical positions (Fig. 1) [15]. Current research fo-
cuses on the fatigue behaviour of automated welded
joints for offshore structures [16-18].

An alternative node design using cast steel components
for jacket structures allows much simpler ring-shaped,
semi-automated welding as well as the application of au-
tomated processes for the pre-assembly of individual com-
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Fig.1  Concept for hollow section framework with adhesively bonded bracing [23]

ponents [19]. However, the possibilities for using modu-
larized welded structures and parallel production are also
severely limited here. In addition, the manual welding
work required in the final production step remains high,
as the problem of varying assembly positions of the entire
jacket structure remains [1, 20]. Thus, there is a consider-
able need for research to reduce fabrication costs by opti-
mizing the assembly and connection processes. Initial
improvements can be achieved by applying adhesive
bonding techniques. An adhesively bonded solution for
connecting circular hollow sections to cast steel nodes
was developed and systematically investigated in [21, 22].
Based on these results, a new type of construction con-
cept was developed in a FOSTA research project [23]
which allows considerable further optimization of the
production and assembly of steel framework structures by
using adhesive techniques in combination with welding
and bolting. This concept is the basis for the investiga-
tions described in this section and is shown schematically
in Fig. 1.

In this construction method, nodal shell segments are
welded to the ends of the diagonal bracing components
(step 1). These partial shells are designed such that they
enclose a circumferential area of up to 180° on the leg
component. Assembling the shells produces a complete
tubular sleeve (step 2). This means that the leg can ini-
tially be easily placed in the open shell segment and does
not have to be slid in. In the next step, the shell segments
are joined to each other (step 3). This can be carried out
by welding the individual partial shells with longitudinal
seams or by bolting the end flanges. However, in this step
there is no connection between the tubular sleeve and the
leg component, i. e. the partial shells form a ring around
it. The remaining gap between the tubular sleeve and the
wall of the leg component is then joined by adhesive
bonding (step 4). This step takes place in the fabrication
plant and thus under defined conditions. This construc-
tion method has several essential advantages. First of all,
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in terms of production technology, modularization is pos-
sible because the side parts of the jackets can be prefabri-
cated. This advantage must be compared with the fact
that different fabrication steps have to be carried out
compared with a welded connection. In addition, the
lack of welded connections in the legs results in a signifi-
cant improvement to the relevant FAT class that has to be
considered for fatigue loading. With regard to the materi-
al-specific loading conditions of the adhesive layer, this
design has the advantage that permanent loads (such as
dead weight) are almost completely transferred by the
continuous leg components. Thus, dead loads do not
cause creep stresses in the adhesive joint. However, adhe-
sive bonding technology has so far hardly been used in
steel construction and needs specific design and fabrica-
tion skills.

This paper provides an overview of the development and
systematic investigation of the hybrid connection con-
cept. Special attention is paid to the numerical calcula-
tions carried out at KIT to analyse the stresses in a real
jacket as well as the experimental investigations on
K-joint test specimens with hybrid joints. All research re-
sults are fully detailed in [7-9].

22 Representative jacket loadbearing structure and its
mechanical stresses

2.2.1 Representative jacket structure

As a basis for the investigations within the scope of this
research project, a manufacturer of offshore wind tur-
bines provided the geometry of a representative jacket
structure as well as load parameters. The jacket structure
consists of four legs and has a height of approx. 50 m. The
planned water depth is 30 m and the lower edge of the
transition piece is +20 m above normal mean water level.
The edge length is 30 m at the base of the jacket and 15 m
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at the top. A total of three diagonal braces (known as
bays) are planned. According to the specification of the
wind turbine manufacturer, circular hollow sections with
a cross-section D/T = 1422/50 mm are used for the legs of
the jacket structure. The braces consist of circular hollow
sections with a cross-section D/T = 600/40 mm. The di-
mensions are shown in Fig. 3. There is a reinforced con-
crete transition piece at the upper end of the steel jacket
structure which connects the jacket structure to the tubu-
lar steel tower of the wind turbine. The jacket structure is
founded on the seabed using suction buckets.

In contrast to the welded jacket structure described
above, an alternative node connection as described in
section 1 was developed within the scope of this research
project [23]. The dimensions of the tubular sleeve are de-
termined in accordance with the dimensions of the in-
creased wall thickness in the joint areas of jacket struc-
tures. According to Norsok standard N-004 [24], an in-
crease in the wall thickness of the joint is specified at a
distance of D/4 or at least 300 mm from the brace con-
nection point. For this purpose, both the corner leg and
the braces are initially located on the system lines. The
resulting length of the tubular sleeve is extended by the
length of the wall thickening required by Norsok stand-
ard N-004 [24]. For the relevant joint, the length of the
tubular sleeve is 2870 mm. In accordance with the node
thickening, the wall thickness of the joint is chosen to be
40 mm. This results in a joint diameter of 1532 mm for an
initial typical adhesive joint thickness of 15 mm.

2.2.2 Numerical analysis of mechanical loads

The first question is: How is the loadbearing and defor-
mation behaviour of the whole jacket influenced by the
adhesive joints? To analyse this and determine the stress-
es in the bonded jacket structure, numerical models were
generated combining a global framework model with
local volume models for the joint areas. The combined
numerical model allows both the determination of local
stresses in the bonded joint and steel components and the
calculation of the global loadbearing behaviour of the
jacket with adhesively bonded joints. The individual vol-
ume models are connected by beam elements. The foun-
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Typical normal stress distribution in the adhesive layer (normal to adhesive surface) of the bonded jacket structure (a) and evaluation along path 1 (b)

dation of the supporting structure on the seabed is mod-
elled by a fixed support at the base of the legs. The nu-
merical investigations were performed with the ANSYS
Workbench software package. Two element types were
primarily used for the meshing of the numerical model:
The node areas designed as volume models were meshed
with the SOLID186 (hexahedron) element type and the
areas between the nodes, which are designed as beam
models, with BEAM189. The adhesive layer was meshed
with two elements over the thickness. The steel and adhe-
sive materials used were implemented in the numerical
model with isotropic, linear-elastic material properties.
The steel components are assumed to have a modulus of
elasticity E = 210,000 MPa and a Poisson’s ratio v = 0.3.
For the adhesive, different elasticity moduli in the range
5-4000 MPa and Poisson’s ratios of v = 0.38-0.47 were
investigated (Tab. 1).

The dead loads of the transition piece and the wind tur-
bine applied at the top of the real jacket support structure
were modelled using individual loads at the top edge of
the jacket. In addition, the loading of the wind turbine
resulting from wind and turbine operation was integrated
into the numerical model as horizontal forces and bend-
ing and torsional moments concentrated at this point.
The determination of the loads of the jacket support
structure due to dead loads, plant operation, wind and
wave impact as well as the corresponding load combina-
tions and partial safety factors were chosen in coordina-
tion with, or according to, the specification of the manu-
facturer of the offshore wind turbines involved in the
project. The loading due to wave impact was calculated
using 9" order stream function wave theory and the
specification of Germanischer Lloyd and was applied to
legs and diagonals in the numerical model [24, 25].

The determination of the stresses in the adhesively bond-
ed joints is an important objective of the numerical analy-
ses.

For this purpose, the normal stresses orthogonal to the
bonded joint layer were evaluated as well as the shear
stresses in the plane of the bonded joint. In Fig. 2 the nor-
mal stress in the adhesive joint is shown for a representa-
tive load case. The tensile or compressive normal stress in
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Fig.3 Von Mises equivalent stresses at the steel nodes [23]

the bonded joint in the areas of the connecting jacket
braces can be seen very clearly. For easier illustration of
the relevant stress distribution, these are additionally
evaluated along a path (Fig. 2a). In keeping with the pro-
cedure described, the evaluation of the shear stress is car-
ried out in the plane of the adhesive bonding layer. In
addition, the von Mises equivalent stress in the steel
structure is evaluated using the volume model for the
node with maximum stress. This is shown as an example
in Fig. 3. A stress concentration is shown at the weld tran-
sition of the connected braces. The analyses are supple-
mented by the evaluation of the maximum total deforma-
tion of the structure.

Extensive numerical calculations were performed to ob-
tain a deeper understanding of the loadbearing behaviour
of the hybrid bonded jacket structure. In this context, dif-
ferent geometric and material parameters were varied.
The influence of the adhesive stiffness is discussed in this
paper by using the investigated adhesive parameters sum-
marized in Tab. 1.

To analyse the influence of the adhesive stiffness acc. to
Tab. 1, the maximum normal stress in the adhesive layer
evaluated acc. to the procedure described above is plotted
over the adhesive stiffness in Fig. 4a. The local stress in
the bonded joint increases with increasing stiffness. This
can be explained by the increased stiffness of the bonded
cross-section, which leads to a higher local stress. A com-
parable correlation can also be found in Fig. 4b for the

Von Mises equivalent stress [MPa]

- Eewlhesive =500 MPa
Load case: ULS 1

evaluation of the shear stress in the bonded joint as a
function of the adhesive stiffness. As the adhesive stiff-
ness decreases, so the associated local adhesive joint
stress also decreases. The analysis of the deformation be-
haviour of the global jacket structure as a function of the
adhesive stiffness is especially interesting. For the five se-
lected adhesive stiffnesses, it is shown that there is only a
very small variation in the maximum global deformation
of the jacket due to different adhesive stiffnesses (Fig. 4d).
The quantitative differences are in the order of magnitude
of only a few millimetres.

These small differences in the total deformations can be
explained by the analysis of the local stresses in the steel
structure in the area of the brace connections. In Fig. 4c
the Von Mises equivalent stress in the steel joint is shown
as a function of the adhesive stiffness. It can be seen that
as the stiffness decreases, so there is a redistribution of
the stress to the tubular sleeve. This leads to higher local
stress concentrations at the welded brace connection. An
explanation for this load redistribution could be the softer
composite cross-section, consisting of the two steel tubes
and the adhesive layer in between, due to the less stiff
adhesive.

However, these investigations clearly show that adhesives
with very different stiffnesses can be used successfully for
the hybrid brace connection. However, it is important to
investigate and limit the local stresses in the steel cross-
sections.

Tab.1 Adhesive stiffnesses and Poisson’s ratios investigated

Adhesive 1 Adhesive 2 Adhesive 3 Adhesive 4 Adhesive 5
Modulus of elasticity 5 MPa 50 MPa 500 MPa 2500 MPa 4000 MPa
Poisson’s ratio 0.47 0.45 0.42 0.38 0.38
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23  Adhesive selection and characterization

The preceding sections show that two different adhesive
types can be considered for adhesive bonding: Either a
stiff, but high-resistance, adhesive, or a less stiff adhesive
that does not necessarily exhibit high mechanical strength.
Based on a list of requirements and a preliminary investi-
gation of six adhesives, two products were selected and
comprehensively characterized for further investigations.
Tab. 2 provides an overview of the essential (thermo-)me-
chanical properties of the two adhesives chosen. It can be
seen that based on the results of the numerical investiga-
tions, both a highly stiff, structural adhesive (Kérapur 4W
LV) and an elastic adhesive with significantly lower stiff-
ness (Sika F51) were selected. More detailed information
on the adhesives can be found in [8, 23].

24  Static tests on adhesively bonded K-joint

configurations

The experimental representation of the stress state pre-
sent in real structures is crucial for the analysis of the

Tab.2 Selected mechanical parameters of the adhesives selected
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loadbearing behaviour of jacket structures with bonded
brace connections. For this reason, tests were carried out
on adhesively bonded joints (K-joints). The test specimen
designed for the experimental investigations of adhesively
bonded K-joints is shown in Fig. 5. The dimensions of the
braces, legs and tubular sleeves of the real jacket on
which this research project is based were chosen to be
scaled by a factor of about 10. All the hollow steel sec-
tions of the K-joint are made from S355 steel.

During the adhesive bonding process, a defined surface
preparation in the overlap area is the first step. For
this purpose, the surfaces of the components to be joined
are cleaned with methyl ethyl ketone. In the second step,
the surfaces are blasted to quality Sa 3 acc. to DIN EN
ISO 8501-1 [26] and then cleaned with methyl ethyl
ketone again. At the ends of the intended overlap area, a
porous foam tape is applied to the steel tube. The tape
prevents lateral leakage of the adhesive, but its porosity
allows enclosed air to escape laterally. In the next step,
the tubular sleeve with the previously welded braces is
pushed onto the leg pipe and centrally aligned. Finally,
the adhesive is applied by injecting it into the adhesive

Young’s modulus Tensile strength, Shear strength Glass transition
[MPa] bulk [MPa] [MPa] temperature [°C]
Korapur 4W-LV 3900 + 30 47.2+0.6 181+21 67.1
Sika F51 83=+1 4.8%0.1 10.3+£3.0 54.8
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Fig.5 K-joint test specimen (a), adhesive bonding of K-joints (b) and test setup for quasi-static tests on K-joints (c) [23]

gap. Afterwards, the adhesive production samples are
cured at room temperature for at least 21 days.

The test setup used for the experimental investigation of
the adhesively bonded K-joints is shown in Fig. 5. The test
specimens are fastened to a test setup consisting of a
beam in bending fixed to a clamping zone. A servo-
hydraulic 1000 kN testing machine applies the load to the
end plate welded to the end of the CHS leg.

During the design and construction of the test setup, nu-
merical investigations were carried out to analyse the
stress state in the bonded joint as well as in the steel com-
ponents of the test specimen. In keeping with the proce-
dure described in section 2.2.2, the normal stresses in the
adhesive layer orthogonal to the bonding layer and the
shear stresses in the plane of the bonded layer were nu-
merically calculated using the Ansys software package.
The results of these analyses were compared with the
stress states in the bonded joint of the jacket structure
determined in section 2.2.2. For both adhesives it can be
shown that in the area of the connection of the braces to
the tubular sleeve, the stresses in the bonded joint and
steel components are of comparable magnitudes.

All tensile tests were carried out with displacement con-
trol at a rate of 0.5 mm/min. Machine force and global
deformations were recorded. The relative displacements
between the tubular sleeve and the CHS leg were record-
ed during the test using inductive displacement sensors.
The sensors are positioned directly at the transition be-
tween tubular sleeve and CHS leg. Owing to the large
adhesive surfaces between the tubular sleeve and the
CHS leg, it is to be expected that a complete failure due to
the leg tube being pulled out of the tubular sleeve will not
be observed during the test. For this reason, the local
strains in the surface of the steel components around the
brace connections were determined during the tensile
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tests using additional measuring techniques. An optical
3D measuring system was used for this purpose.

In the context of this paper, the focus is on the compari-
son and analysis of the loadbearing behaviour depending
on both adhesives used. The adhesive stiffness differs sig-
nificantly (by a factor of 50). For each of the two adhe-
sives, five quasi-static tests were carried out on adhesively
bonded K-joint test specimens. To discuss the influence of
the adhesive stiffness, one test of both adhesives is select-
ed and compared in Fig. 6. The ultimate load capacity of
the steel components is achieved for both adhesives. The
specimens fail by reaching the yield point at the welded
connection between brace and tubular sleeve.

The analysis of the surface strains in the steel components
determined by means of the optical measuring system
helps to explain the load-deformation behaviour de-
scribed. Fig. 7 shows the measured true principal strains
in the area of the connection between brace and steel tu-
bular sleeve. The main strain values are given in units of
per mill. An elongation of 5% is selected as the upper
limit value for the colour scale. It can be seen that with
increasing machine load in the area of the tensile brace/
tubular sleeve connection, large (plastic) strains appear
locally in the weld transition area. When the maximum
load is reached, a yield zone in the steel cross-section de-
velops in the entire area around the tension brace con-
nection.

Additionally, the influence of the adhesive is also clearly
shown in Fig. 6. The load-machine displacement curve of
the test specimen with the Sika F51 adhesive (E = 80 MPa)
flattens at about 200 kKN and the specimen shows a de-
creasing stiffness. The stiffness of the specimen bonded
with the Korapur 4W LV adhesive (E = 4000 MPa) de-
creases at a higher load level, which is already accompa-
nied by local steel plastification in the weld transition
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area. The comparison of the two curves also shows that
the maximum load capacity is achieved with different
machine displacements. The test with the Sika F51 adhe-
sive resulted in an increase in a displacement of about
50%.

A reason for these observations can be derived from the
comparison of the local deformations between tubular
sleeve and brace hollow section. The machine force is
plotted against the local deformations for both tests in
Fig. 6. This comparison shows very clearly the influence
of the adhesive stiffness. Between tubular sleeve and leg
tube, an elastic relative deformation in the range of
< 0.2mm is observed in the specimen bonded with
Korapur 4W LV. The influence of the significantly softer
Sika F51 adhesive can also be clearly seen in the relative
deformation. Fig. 6 shows the bilinear load-deformation
curve between the two tubular components. Plastic defor-
mations in the bonded joint are observed, which result in
a residual deformation of approx. 1.5 mm after complete
unloading.

It should be pointed out here that the loadbearing capac-
ity of the steel components is achieved for both adhesives.
This should be particularly emphasized considering the
very different stiffnesses of the two adhesives. For
example, the Korapur 4W LV adhesive’s stiffness
(E = 4000 MPa) is 50 times higher than that of the
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Local deformation
leg — tubular sleeve [mm]

g.6 Comparison of the global (a) and local (b) load-deformation curves for both adhesives [23]
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Sika F51 adhesive (E = 80 MPa). This difference is also
clearly evident in the bond strengths of typical adhesive
characterization tests (Tab. 2). However, for the complex,
innovative geometry of the K-joint, the ultimate load ca-
pacity of the steel components is achieved for both adhe-
sives. This shows the potential of the hybrid connection
for joints in CHS framework structures.

25  Further investigations of fatigue and ageing loads

The project also involved further investigations of the fa-
tigue and durability of the connection [7, 8, 23]. These can
only be briefly addressed in this paper. The tests on the
structural behaviour under fatigue loads show that the
fatigue strength of the steel structure is critical for failure
even under fatigue stress. Any damage that has occurred
is initially concentrated around the welded areas between
the braces and the tubular sleeve shell. After the end of
the test, the failure-relevant areas are examined more
closely by cutting the test specimens. Fatigue damage in
the area of the bonded joint was not detected. Durability
tests reveal the loadbearing behaviour of the bonded
joints after ageing. For this purpose, adhesively bonded
steel lap shear specimens are exposed to water or salt
spray. Tensile tests are carried out after defined ageing
periods. Both adhesives exhibit a change in their mechan-
ical properties. The strength degradation for the highly
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stiff, structural adhesive is almost linear and reaches a re-
sidual strength of approx. 80% after 42 d. In the case of
the elastic adhesive, the highest strength degradation
takes place in the first 7 d and reduces the strength by ap-
prox. 70% compared with the initial strength after 42 d of
ageing. For real structures, a permanent sealing of the
adhesive joint is therefore necessary. The development of
durable sealing is an important task for future research.
In the project presented here, which was the first with
regard to the new connection technology, the focus was
on the mechanical strength of the nodal connection.

3 Hybrid grouted joint for steel structures
31 Grouted joint

The grouted joint originated in the offshore oil and gas
industry. Today, the grouted joint is frequently used in
foundation structures for offshore wind turbines and
serves as a structural connection between two circular
hollow sections (CHS) of differing sizes. Sliding them
into one another results in an overlap. The different dia-
meters lead to an annular gap. This gap is filled on site
using a cement-based grout. After curing of the grout ma-
terial, the connection is able to transfer loads by inter-
locking. Two design variants must be differentiated: Plain
CHS provide minor interlocking potential due to the sur-
face imperfections of the sections. However, welding
shear keys on the surface of the opposing surfaces of the
CHS significantly improves the performance of the inter-
locking effect between grout and steel [27].

Both design variants exhibit problems under fatigue load-
ing, especially when used underwater. Plain CHS exhibit
a significantly reduced friction between steel and grout
due to the presence of water [28]. Additionally, water
washes away crushed grout particles. These two mecha-
nisms can lead to critical displacement and, subsequently,
failure. Recently, even grouted joints with shear keys ex-
hibited damage at several wind farms [29]. The local stress
in the area of the shear keys may exceed the compressive
strength of the grout material, which can lead to local
failures [30]. Under dry conditions, this has only a minor
effect on the service life. However, submerging the grout-
ed joint in water decreases the service life drastically [31].
Relieving the load can lead to water infiltrating into the
joint gap. Loading the joint again forces the water out,
carrying crushed grout particles with it. This results in
cavities that, over time, accumulate and lead to critical
relative displacements, which finally lead to joint failure.
Hence, for both design variants, the bond properties in
the contact area between grout and steel surface are criti-
cal for the loadbearing behaviour.

32  Construction concept for hybrid grouted joints

The hybrid grouted joint specifically improves this contact
area. This connection, developed at the Karlsruhe Insti-
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1 Outer tubular steel section

2 Thin adhesive layer with
embedded granules

3 Grout

4 Thin adhesive layer with
embedded granules
5 Inner tubular steel section

Fig. 8  Hybrid grouted joint [9]

tute of Technology (KIT) by the authors, is characterized
by a specific multi-layer composition (Fig. 8). In contrast
to state-of-the-art grouted joints, hybrid grouted joints in-
clude additional adhesive layers as a substitute for welded
shear keys. These layers are applied to the steel surfaces
prior to grouting. Sand grains are embedded in these thin
adhesive layers before the adhesive has fully cured. After
the adhesive has cured, the surface has a high degree of
roughness. This creates a high-performance interlock be-
tween the grout and the adhesively bonded sand granules
extending across the whole contact surface

The combination of grout and adhesive layers has crucial
advantages in comparison with welded or bolted joints or
conventional organic adhesive bonds and could serve as
an alternative to classical joining techniques in structures.
First, a high-quality bond and production reliability is
achieved by manufacturing the thin-layer adhesive bond
under defined and controlled conditions, e. g. in the fabri-
cation plant. Only the grout has to be built in on the con-
struction site; this is a conventional process currently per-
formed in practice. The planned large joint gap allows even
large manufacturing and assembly tolerances to be accom-
modated. Second, the hybrid grouted connection does not
introduce any harmful heat into the connected parts and
avoids weakening the cross-sections by drilling holes.

The hybrid grouted joint was fully developed in the
FOSTA P1307 research project [9]. Extensive analytical,
experimental and numerical investigations were carried
out to enable the systematic investigation of the hybrid
grouted connection. Quasi-static tests determined the
axial and bending capacities. Fatigue and durability tests
expanded the experimental campaign. Tests on large-
scale specimens concluded the project. Owing to the ex-
tent of the investigations, only selected experiments and
results are presented in this publication. All results are
fully detailed in [9, 32, 33].

33 Materials
The tubular specimens for the experimental investigations

were hot-finished CHS acc. to EN 10025-1 [34] and made
of S355J2H. According to the manufacturer’s inspection
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certificate, the yield strength was f, = 404.3 MPa, the ten-
sile strength f, = 552.8 MPa. The inner CHS had a diam-
eter of 48.3 mm and a thickness of 12.5 mm. The outer
section had a diameter of 101.6 mm and a thickness of
10 mm.

“Pagel HF10”, a self-compacting, high-strength grout with
good flowability and fast strength development, was used
as the grout material. Tests acc. to EN 196-1 [35] deter-
mined high values for compressive (R, = 123.4 + 2.5 MPa)
and flexural (Ry=17.9 + 1.3 MPa) strengths after 28 d.

The granules embedded in the adhesive layers were
quartz sand with a maximum grain size of 1 mm and very
small amount of fine grain (pass ratio for grain size
0.315 mm < 19%).

The Sikadur-370 adhesive produced by Sika AG was used
in the test series presented. It is a two-component epoxy
adhesive with high stiffness (modulus of elasticity
> 3500 MPa) and high strength (tensile shear strength
> 27 MPa). Its high viscosity allows it to be applied to
vertical surfaces and overhead.

34  Quasi-static axial loadbearing capacity
The quasi-static loadbearing capacity was determined

through tests on small-scale hybrid grouted CHS. Overall,
28 different joint compositions with varying materials,
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Fig.9  Specimen geometry for quasi-static experiments [9]

geometry and load directions were tested experimentally.
Owing to space limitations, only one test series can be
presented as an example in this paper. The test series se-
lected analyses the loadbearing behaviour under com-
pressive load. The length of the hybrid grouted overlap
was Lo = 40 mm. Fig. 9 shows the specimen geometry.

A servo-hydraulic test rig was used for the experiments.
The load was applied directly on the specimen ends using
load introduction plates and the tests were conducted
with displacement control (test rate: 0.8 mm/min). Cali-
brated load cells measured the load and two inductive
displacement transducers quantified the relative displace-
ment between the two CHS in the area of the overlap.
The test was stopped when a critical drop in load oc-
curred.

Fig. 10a shows the experimental setup for the compres-
sion tests, and the load-displacement behaviour of the
hybrid grouted joints is presented on the right side. All
specimens exhibit a very stiff behaviour. Up to 75% of the
maximum load, the behaviour can be described as linear-
elastic. A reduction in stiffness signals failure, which oc-
curs at an average load F,x = 162.9 kN. The standard
deviation is SD = 3.5 kN. This results in a coefficient of
variation ¢, = 2.2%. The average maximum nominal shear
stress as a quotient of maximum load and adhesive area
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Fig. 10 Experimental setup for quasi-static compressive experiments (a)
and load-displacement diagram for the selected series (b) [9]
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Fig. 11

Fracture patterns of outer (a) and inner (b) sections [9]

on the inner CHS is 7, = 26.8 MPa. Maximum load oc-
curs at a relative displacement of about 0.2 mm. Examin-
ing the fracture patterns (Fig. 11) shows that all speci-
mens failed in a similar way. Near-interface failure in the
inner adhesive layer dominates the fracture pattern. Most
of the grout layer remains attached to the outer CHS.
Some specimen show fracture cones in the grout layer.
These cones adhere to the inner CHS.

The hybrid grouted joint exhibits high loadbearing ca-
pacities with marginal scatter across all test series with
varying gap sizes and overlap lengths as well as different
adhesive and grout materials. Based on the analysis of the
fracture patterns, adhesive failure on the side of the inner
CHS can be observed. Fracture cones in the grout layer
seem to form at an early load stage (when the local tensile

375,0

strength of the grout is surpassed) and are not significant
for the global joint performance. For the geometries in-
vestigated, loadbearing capacity and overlap length are
related linearly. Based on this, an overlap length of
125 mm would be sufficient to reach the elastic loadbear-
ing capacity of the inner CHS. The results of test series
with artificially induced imperfections are of special inter-
est. It was shown that neither canting nor eccentric align-
ment of the inner CHS reduces the loadbearing capacity.
A detailed description of all test series can be found in [9].

3.5 Quasi-static bending capacity

The behaviour of the hybrid grouted joint under pure
bending was investigated by performing various test se-
ries. The test was conducted as a four-point bending test.
The test series presented in detail as an example in this
publication has the same cross-section geometries and
materials as given in section 2.4. Fig. 12 shows the geo-
metry of the bending specimens. Three hybrid grouted
specimens were tested in each series. The length of the
hybrid grouted overlap was 78 mm, which corresponds to
1.2 times the medial diameter of the specimen.

The applied displacement rate was 1.0 mm/min. Induc-
tive displacement transducers measured the global deflec-
tion in the area of the overlap. Fig. 13a shows the test

Point of deflection evaluation
375,0

Load application

78,0

173,0 208,0

Load application

101,6

Su J
173,0

Fig. 12 Geometry of bending specimen [9]

—_—1 —2 —3

Machine load [kN]

0 5 10 15

a) b) [mm]

Deflection at specimen centre

c)

Fig. 13 Test setup for bending specimen (a), load-deflection diagram (b) and deflected specimen (c) [9]
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Tab.3 Fatigue stresses for different stress levels
Maximum static Fatigue stress ATAgh fat/ Upper load Lower load Mean load [kN] Number of
shear strength range ATadhfat  TAdh,u,stat [-] [kN] [kN] specimens
TAdh,u,stat [MPa] [MPa] tested [-]
13.6 0.51 91.2 9.12 50.16 3
26.8 15.5 0.58 104.2 10.42 57.31 6
17.4 0.65 117.2 11.72 64.46 4

setup. Evaluating the deflection at the specimen centre
(Fig. 13) shows that all specimens have a similar load-de-
flection behaviour (Fig. 13b). Increasing deformation led
to a linear increase in the load being observed until the
plastic bending resistance of the inner cross-section was
reached (as the product of plastic section modulus and
yield strength). The appearance of a plastic hinge in the
inner CHS close to the hybrid setup is accompanied by a
significant reduction in the bending stiffness. As deforma-
tion increases further, a nearly linear load-deformation
behaviour is observed. Inspecting the specimen after the
test reveals that there is no visible damage in the hybrid
grouted joint. In contrast, the plastic deformation in the
steel section is clearly visible (Fig. 13c).

The bending tests show that the hybrid grouted joint has
a high bending resistance. All test specimens reached the
plastic bending resistance of the smaller CHS being con-
nected.

3.6 Fatigue behaviour

Fatigue tests were conducted on the specimens presented
in section 2.4. The main aim was to identify the relation
between fatigue life and stress range. Therefore, tests were
conducted on three different stress levels. For all fatigue
tests, the test frequency was 8 Hz and the fatigue stress
ratio 0.1. The respective stress range is defined as a frac-
tion of the quasi-static shear strength.

Tab. 3 shows the fatigue stresses for the different stress
levels investigated. It also lists the number of specimens
tested at each stress level. On the highest stress level
(Atadntat = 17.4 MPa £ 0.657agh y stat), the hybrid grouted
joints show between 18,000 and 37,305 load cycles.
Monitoring the machine displacement at mean load
shows that there is virtually no displacement until imme-
diately before failure. The fracture pattern is congruent to
the quasi-static test series.

On the middle stress level (0.587agh ystat), the number of
cycles until failure scatters considerably. The lowest num-
ber is 43,007 cycles, the highest 3,483,327 cycles. The
displacement behaviour is similar to the higher stress
level, as is the fracture pattern.

On the lower stress level (0.517agh ystat), Very high cycle
numbers are reached. Two experiments were stopped
without failure (runouts), one after 10 mio. load cycles,
the other after 19 mio. The third one failed at 3,750,190
load cycles.

Fig. 14 summarizes the results of the fatigue tests. First, it
is apparent that the hybrid grouted joint possesses a high
resistance against fatigue loads. For a stress level of 50%
of the static shear strength, runouts or very high load cycle
numbers can be seen. Increasing the stress level reduces
the fatigue life. The documented high scatter on the mid-
dle stress level is well known in the literature [36]. Here,
details are particularly prone to imperfections due to ge-

18 =

17 1 e

16 Ny

15 - 9
14

A Testresults

Shear stress range [MPa]

13 -
— - =Median

12

1.00E+03 1.00E+05

Load cycles [-]

1.00E+04

Fig. 14 Wohler diagram of the fatigue tests [9]

1.00E+06

1.00E+07

Steel Construction 15 (2022), Hollow Sections 47




T. Ummenhofer, J. Boretzki, M. Albiez: Hybrid connection technologies for hollow sections in steel construction

ometry, materials or manufacturing. Considering all re-
sults, a half-logarithmic relation between stress level and
service life can be assumed. However, this relation should
be supported by more fatigue tests. Comparing these re-
sults with state-of-the-art welded CHS connections shows
that the hybrid grouted connection represents a very
promising alternative. The best possible fatigue class for
comparable welded connections is FAT71. Assuming a fa-
tigue strength of 14 MPa for the hybrid grouted connec-
tion results in the fact that, for the geometry presented and
an overlap length of only 50 mm, the fatigue resistance of
the best possible welded connection is surpassed. The fa-
tigue behaviour of the hybrid grouted joint underwater
will be investigated in a follow-up project.

4 Conclusions

The use of adhesive bonding technology for connecting
hollow sections has not yet been established. However,
research projects completed recently show that adhesive
bonding can lead to significant advantages, especially in
combination with classic joining processes. To highlight
these advantages, extracts from research results are pre-
sented in this paper.

Firstly, an innovative connection concept for jacket struc-
tures combines adhesive bonding, bolting and welding.
The local stresses in the adhesively bonded joint and the
steel structure were determined in numerical analyses. It
was found that due to the specific design concept, both
high-modulus structural adhesives and low-modulus ad-
hesives can be used. However, the stiffness of the adhe-
sive has an influence on the local steel stresses. The struc-
tural behaviour of the joint was analysed in experimental
investigations of bonded K-joint configurations. The ulti-
mate load capacity of the steel components was always
reached for both a stiff and a low-modulus adhesive. Dif-
ferences resulting from the adhesive used can be seen in
the global and local deformations between tubular sleeve
and leg component. The results of this research project
clearly show the high potential of the hybrid, bonded
bracing connection. The innovative design principle
opens up new design and construction possibilities for
loadbearing structures made of hollow sections.

Secondly, a newly developed hybrid grouted joint is pre-
sented which is characterized by a specific multi-layered
composition. In contrast to state-of-the-art grouted joints,
hybrid grouted joints include additional adhesive layers
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