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1 Introduction

Abstract

Adhesives offer both good damping properties and very high strengths. The possi-
bilities for using the positive damping properties in particular to optimise dynami-
cally stressed steel structures have rarely been explored to date. In this paper,
comprehensive numerical and experimental investigations are presented. In numer-
ical investigations on dynamically loaded, representative steel structures, the po-
tential for damping of structures by adhesively bonded joints is analysed. Numerical
investigations show that the vibration amplitudes of adhesively bonded structures
are more than 95 % lower than those of welded reference structures in the relevant
resonance case. Based on this, the damping properties of adhesively bonded tubular
steel joints in a scale relevant for construction industry were experimentally inves-
tigated. Different geometry and test boundary conditions are investigated in a pa-
rameter study. The loss factor of tubular joints is a maximum of 0.38, which is rele-
vant for steel construction. Based on the results of experimental investiga-tions, a
methodology is presented for the analytic determination of the damp-ing properties
of adhesively bonded tubular joints for various specimen ge-ometries and stress
boundary conditions. For this purpose, dimensional anal-ysis is carried out using the
Buckingham Pi Theorem.
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adhesively bonded joints. Here, different steel structures
with variable geometrical dimensions and material

Building structures like bridges, towers etc. are often
exposed to dynamic loads. This can cause structural
vibrations. A variety of problems can result from
uncontrolled vibration phenomena, which negatively affect
both the load-bearing capacity and the serviceability of
structures. Viscoelastic adhesives based on polyurethanes
and epoxy resins offer very good damping properties in
addition to high strength. Up to now, these damping
properties have primarily been investigated on the basis
of numerical and analytical observations of test specimens
on a small component scale [1; 2]. Therefore, the
investigation of the damping properties of adhesively
bonded joints on a scale relevant for steel constructions
was the subject of FOSTA research project P 1272 [3].

1.1 Scope of this paper

The results of the research presented in this paper are
based on the work presented in [3; 4]. The focus of the
paper is on the one hand on numerical analyses of the po-
tential for optimising the dynamics of steel structures by

properties of the adhesives are taken into account. On the
other hand, the results of experimental investigations of
the real damping properties of different types of
adhesively bonded joints on large-scale with variation of
different geometric and material parameters are
presented. In the present paper the focus is on adhesively
bonded tubular steel joints. Based on this, the results of
further work of the corresponding author [4] on the
development of methods for the graphic-based prediction
of the damping properties of bonded joints in the context
of the practical design of steel structures were derived are
presented.

2 Materials
2.1 Adhesives
Comprehensive characterisation tests were carried out on

a total of five adhesive systems to select the adhesives
based on the requirements of steel construction, including
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the mechanical properties, the necessary processing con-
ditions and the temperature range to be applied. The tests
took place at the LWF of the University of Paderborn [3].
Based on the test results, the epoxy-resin hybrid-based
2-component adhesive Sikadur F51-60 (referred to as ad-
hesive EPH) from SIKA AG® and the semi-structural 2-
component polyurethane adhesive Kérapur 842 (referred
to as adhesive PUR) from Kémmerling Chemische Fabrik
GmbH® were selected for further investigations. Essential
mechanical properties of the EPH and PUR adhesives,
which were determined on the basis of tensile tests on bulk
samples, are summarised in table 1. The results of the ad-
hesive characterisation are shown in detail in [3; 5].

Table 1 Mechanical properties of the adhesives EPH and PUR (Modulus
at 1% elongation, loss factor at room temperature and excitation at
1 Hz) [4]

Adhesive EPH | Adhesive PUR

Young's modulus 86 MPa 356 MPa
Poisson's ratio 0.42 0.41
Loss factor at 0.11 0.50

room temperature

2.2 Steel

The circular hollow sections used for manufacturing the
experimentally investigated tubular joints consist of steel
of the grade S355]2H according to DIN EN 10210-1 [6].
The base material of the steel profiles has a yield strength
of 355 MPa and a tensile strength of 490 MPa, according
to DIN EN 1993-1-1 [7]. Young’s modulus is 210,000 MPa.
These material properties are also used in the numerical
simulations.

3 Numerical investigations

The numerical investigations serve to identify the potential
of adhesively bonded joints for optimising the dynamic be-
haviour of representative steel structures by varying geo-
metric and material parameters. In addition, the aim is to
derive knowledge on the influence of the investigated pa-
rameters on the damping properties of adhesively bonded
structures, which can be applied in the context of practical
structural design. The investigations include both statically
determined systems with an adhesively bonded joint and
statically indetermined systems with multiple adhesively
bonded joints. In the following, exemplary results of in-
vestigations on the influence of the implementation of ad-
hesively bonded joints as well as the associated adhesive-
inherent damping on the structural dynamics of an obser-
vation tower in hollow-section framework construction are
presented. In particular, the influence on the height of the
first natural frequency as well as the resonance amplitudes
due to harmonic excitation are analysed.

3.1 Model

The structure of the observation tower is created as a com-
bined beam and solid model (see Figure 1). The tower has
a height of 35.0 m. The distance between the legs is
15.0 m at the base and 8.0 m at the top. In order to rep-
resent the mass of an observation platform, a point mass
of 20 tons is placed at the top of the tower structure. The

adhesively bonded joints of legs and bracings of the
framework consist of solid bodies that are connected with
beam elements. The design of the adhesively bonded
joints shown in Figure 2 is based on the design principle of
adhesively bonded bracing joints of jacket framework
structures of wind turbines investigated in [8; 9]. The
joints consist of a multi-part tubular sleeve which com-
pletely encloses the legs. The individual parts of the ring
sleeve are joined by welding or screwing. The bracings are
welded to the tubular sleeve. The resulting joint gap be-
tween the tubuluar sleeve and the legs with a thickness of
10 mm is adhesively bonded.

The material properties of the steel materials and the ad-
hesives are in a first stepimplemented as linear-elastic ac-
cording to Table 1, what is assumed to be sufficient for the
purpose of a potential analysis. In addition, the damping
properties of the materials are implemented. To take into
account the damping properties of the steel material S355,
a loss factor of nsteer = 0.0002 [10] is defined. Exemplary
loss factors between 0.1 and 0.3 are considered for the
adhesives EPH and PUR.

35.0m

), S
Dimensions of CHS
Legs: 762.0 x 20.0 mm

Bracings: 457.0 x 40.0 mm

Figure 1 Numerical model of the observation tower in hollow section
framework construction with adhesively bonded joints of the bracings
based on [11]

segmented adhesive
ring sleeve layer

bolted connection of the
segments of the ring shell

Figure 2 Design concept of the hollow section framework structure
with adhesively bonded bracings based on [8]
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3.2 Eigenmodes and eigenfrequencies

In the works by Albiez et al. [8], it was shown that the
global load-bearing behaviour of framework structures is
only negligibly influenced by the implementation of adhe-
sively bonded joints. This applies independently of the ad-
hesive stiffness. Using a modal analysis, it can be shown
that this also applies to the structural dynamic properties
of a framework structure in the form of the first natural
frequency.

14 4[//] Welded joints =
< 12 -/l Adhesive EPH < S5
I I Adhesive PUR| oV o\°
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Figure 3 Comparison of the natural frequencies of modes 1 of the sys-
tems with welded as well as adhesively bonded joints based on [4]

Figure 3 shows the natural frequencies of a welded refer-
ence structure and two adhesively bonded structures
made with the adhesives EPH and PUR. It can be seen that
the natural frequencies of the adhesively bonded struc-
tures increase slightly compared to the welded reference
structure. Assuming an approximately constant mass, this
can be explained by the higher joint stiffness of the adhe-
sively bonded joints shown in Figure 2 compared to con-
ventionally welded joints.

3.3 Frequency response analysis of stationary vi-
bration states

For dynamically stressed structures, the resonance case is
particularly critical, because occurring amplitudes are lim-
ited only by existing damping.
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Mode 1
N = 0.2 Mode 1]
'g' T Nepw = 0.3 i
£ 1E+3 4 Npur = 0.1 L
o — Npr = 0.2 i
k= R =0.3 o
,43 Npur 2.9% 3.5%
a
E 1E+2 A
<
1E+1
I I

\ \
4.5 4.6 4.7 4.8 4.9 5
Frequency [Hz]

Figure 4 Comparison of the oscillation amplitudes as a result of reso-
nance excitation in the range of mode 1 of the systems with welded as
well as adhesively bonded joints based on [4]

Thus, a frequency response analysis is carried out to eval-
uate the influence of adhesively bonded joints on the dy-
namic response in the resonance range of mode 1. Figure

4 shows a comparison of the oscillation amplitudes in the
range of the first natural frequency of the welded structure
and of structures with bonded joints with different adhe-
sive loss factors.

It is shown that the resonance amplitudes decrease signif-
icantly by implementing adhesively bonded joints com-
pared to the welded reference structure. For a loss factor
of 0.2, the resonance amplitudes of the adhesively bonded
structures are only 2.9 % (EPH) and 3.5 % (PUR) of the
welded reference structure, respectively. The amplitude
decrease depends on the Young's modulus and the loss
factor of the adhesive. It is shown that the resonance am-
plitudes decrease significantly by implementing adhesively
bonded joints compared to the welded reference structure.
The influence of damping on the resulting amplitudes is
greater for lower Young's modulus and higher loss factors
of the adhesive. The reason for this is the higher defor-
mation of the adhesive layer due to lower adhesive stiff-
ness, which in combination with generally higher damping
properties of the adhesive lead to higher energy dissipa-
tion. Summarising, the numerical investigations show the
high potential of adhesively bonded joints to improve the
dynamic behaviour of steel structures. Nevertheless, an
important prerequisite for the use of the damping proper-
ties of bonded joints and connections within the context of
numerical calculations is first of all their experimental de-
termination. This is the subject of the following section.

4 Experimental investigations

The damping properties of adhesively bonded tubular
joints are determined under variation of different geome-
tries and test boundary conditions using dynamic hystere-
sis tests. As shown in Figure 5, the test specimens consist
of two circular hollow sections that are inserted into each
other and subsequently joined by adhesive bonding. The
dimensions of the inner hollow section are kept constant,
whereas the dimensions of the outer hollow profile are var-
ied. This enables the investigation of three different, prac-
tically relevant adhesive layer thicknesses. In addition,
two overlap lengths are investigated (Figure 5).

E'H519?.0 X 10.0 f Adhesive layer
CHS 101.6 x 10.0 / thickness t, g
CHS 108.0 x 11.0

(2.5/5.8/8.0)

O

Size in [mm]

““<"Overlap length L
(20/60)

Figure 5 Investigated dimensions of adhesively bonded tubular joints
based on [4]

4.1 Dynamic hysteresis tests

The dynamic tests are performed as hysteretic tests under
alternating tension-compression load to avoid creep defor-
mations. The test setup of the dynamic tests is therefore
designed in such a way that no slip occurs within the test
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specimen, between the bonded components and the con-
nection of the test specimen to the testing machine while
changing the load direction from tension to compression
and vice versa. The test setup used for the dynamic tests
is shown in Figure 6. A schematically representation of an
adhesively bonded tubular joint and the components con-
necting the specimen to the testing machine coloured in
blue-grey is shown left in Figure 6. The specimens are con-
nected to the servo-hydraulic testing machine by cylindri-
cal thread inserts, which are inserted into the openings of
the circular hollow sections at both end of the specimen.
CHS and the insert are connected by a bolt. The bolt is
pushed completely through the circular hollow section and
the cylindrical insert. The bolt is then pre-tensioned be-
tween the circular hollow profile and the insert by screwing
two ring-shaped nuts onto the external thread of the insert
[12].

I ~machine adaption =

° __round nut screw \!
° thread insert @ 50 mm

~_bolt

INSTRON

_adhesive layer

_outer CHS

Figure 6 a) Schematic representation of a adhesively bonded tubular
joints and the components for adapting the specimen to the testing
machine (coloured blue-grey), b) Test set-up of the dynamic tests on
adhesively bonded tubular joints based on [4; 12]

The tests are performed in two different test levels. These
differ in the applied shear strain. In test level A, a maxi-
mum shear strain of 2 % is applied, for which the adhesive
layers are still approximately in the linear viscoelastic
range. In test level B, the maximum shear strain is 8 %.
The influence of nonlinearities increases significantly com-
pared to test level A. In each test level three different test
frequencies (1 Hz, 3 Hz, 5 Hz) were examined. The loss
factor is used as a parameter for analysing the damping
properties. This can be determined using a time-based
evaluation from the time offset between an excitation sig-
nal (machine force) and a response signal (machine dis-
placement). Additionally an energy-based approach can
be used, where stored and dissipated energy per cycle are
determined [12].

4.2 Test results

Figure 7 shows exemplary shear stress-shear strain hys-
tereses for tubular joints with adhesive layer thickness
5.8 mm and overlap length 20 mm in test level A and B.
It can be observed that the dissipated energy, which cor-
responds to the area of the hysteresis, rises with increas-
ing shear deformation of the adhesive layer. Furthermore,

a reduction in specimen stiffness with increasing shear
strain can be observed. This can be explained by the non-
linear deformation behaviour of the adhesive. The loss fac-
tors determined from the hystereses shown are also given
in Figure 7. In both test levels, the loss factor determined
is in a relevant range for steel construction [4; 11]. In ad-
dition, the loss factor increases significantly with increas-
ing shear strain.

| s | s |
test level A (y = 2 %)
test level B (y = 8 %) r

2

—
|

shear stress [MPa]
o
\

adhesive EPH
-2 \ \ \ ‘ \
-8 -2 2 8

shear strain [%]

Figure 7 Exemplary shear stress-shear strain hystereses for tubular
joints with adhesive layer thickness 5.8 mm and overlap length 20 mm
in test level A and B for frequency 1 Hz based on [13]

In Figure 8 exemplary results of the dynamic hysteresis
tests for tubular joints made with adhesive EPH with over-
lap length 20 mm and different adhesive layer thicknesses
in test level A and B are presented in terms of the deter-
mined loss factors.

0.4 1 w

] adhesive EPH 2 L

0.35 + overlap length 20 mm 2 o

. 0.3+ = -

= 0.25 8 -

5 0.2 1 test level B - 8 F

© o Iy r
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o 0.154 -

3 1 test level A H
- 0.1+

J O 1Hzt

0.05 A 3 Hzp

] O 5Hzf

0 T T T
config. 1 config. 2 config. 3

tagn = 2.5 mm tagn = 5.8 mm  t,y, = 8.0 mm

Figure 8 Exemplary results of the dynamic hysteresis tests for tubular
joints with overlap length 20 mm in test level A and B based on [4]

The results in Figure 8 initially confirm an increase in
damping with rising stress in the adhesive layer for all ad-
hesive layer thicknesses. Furthermore, an influence of the
test frequency on the loss factor can be observed. In test
level A, the loss factor decreases with increasing frequency
for the same geometry of the specimens. In test level B,
an inverse influence of the test frequency on the damping
properties can be observed, which can be justified by a
change in the polymer structure of the adhesive with in-
creasing deformation. Increasing the adhesive layer thick-
ness has a positive effect on the damping properties of
adhesively bonded joints. In both test levels, an approxi-
mately linear relationship can be observed between the
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loss factor and the adhesive layer thickness. The investi-
gations have also shown that increasing the overlap length
has a negative effect on the damping properties. This find-
ing is almost independent of the adhesive layer thickness
as well as the amount of stress on the adhesive layer [4].

5 Analytical description
5.1 Basics of dimensional analysis

The objective of the dimensional analysis is the determi-
nation of a functional relationship of the test results. In
the first step, all identified factors that have an influence
on the defined target value (here loss factor) are summa-
rised. Dimensionless parameters are then formed from the
identified factors. This is done by combining the influenc-
ing factors in a reasonable way according to the Bucking-
ham Pi theorem. If the results of conducted tests are plot-
ted over a combination of all dimensionless parameters,
the functional correlations of these test results can then
be described analytically. The most reasonable combina-
tion of all dimensionless parameters can be determined
iteratively or on the basis of empirical values. The identi-
fied functional relationships can then be described by sim-
ple regression functions.

5.2 Identification of functional relationships of
the results of dynamic tests on tubular joints

Experimental investigations have shown that the damping
properties of adhesively bonded tubular joints depend on
both geometric and stress boundary conditions. The geo-
metric influencing variables are the adhesive layer thick-
ness (tadn), the overlap length (L) and the adhesive layer
width in the form of the average circumference of the ad-
hesive layer (Um). Furthermore, the test frequency (f) and
the amount of shear strain (y) influence the damping prop-
erties. The loss factor is the value to be described.

0.5 ‘ ‘
1+ 0 1Hz
0.45 4

A 3 Hz
044 O 5Hz r

0.35 o L
0.3 o B
0.25 B
0.2 -
0.15 -
0.1 -
0.05 y = 0.50x%23[
O | T T T T T Rz = 0\98
0 005 0.1 015 0.2 0.25
[toan/LIX[U /LI [y} 1% [1+mXxAfxt] [-]

loss factor n [-]

Figure 9 Dimensionless visualisation of the results of the experimental
investigation of tubular joints made with the EPH adhesive and their
analytical approximation by an exponential regression function based
on [4]

From the identified influencing variables, 4 dimensionless
parameters can be determined according to the principles
of the Buckingham Pi theorem. These can be combined
using known correlations in such a way that the expression
shown on the x-axis in Figure 9 is produced. The parame-

ter m takes into account the shear strain-dependent fre-
quency influence of the adhesive.

The test results can then be plotted in a diagram as a func-
tion of all test boundary conditions [14]. The functional
relationships of all the test results shown can be deter-
mined by dimensional analysis. An analytical determina-
tion of the loss factor, taking into account all identified in-
fluencing factors, is enabled by derived regression
functions with a high coefficient of determination
(R2 = 0.98) [4].

6 Summary and Conclusions

Numerical investigations show that the damping proper-
ties of steel structures can be significantly improved by
implementing adhesively bonded joints. An influence of
the adhesively bonded joints on the natural frequencies of
the structures cannot be observed. In the resonance case,
amplitude reductions of more than 95 % can be achieved
compared to conventionally welded structures. Adhesives
with low modulus of elasticity and high loss factor are par-
ticularly suitable. From a practical construction point of
view, loss factors > 0.1 should be prioritised.

Experimental investigations on the experimentally deter-
minable damping properties of adhesively bonded tubular
joints show that the loss factor of the investigated test
specimens are always in a practically relevant order of
magnitude and are up to 0.38 at the maximum. An analy-
sis of the influence of the geometry parameters of the in-
vestigated test specimens shows that the damping prop-
erties of adhesively bonded tubular joints can be enhanced
especially by increasing the adhesive layer thickness and
reducing the overlap length. It follows that the structural
design of adhesively bonded joints of dynamically stressed
structures must be considered against the background of
the geometric dimensions of the adhesive layer.

Finally, @ method is presented which allows to describe
test results in form of a functional relationship that is easy
to describe, independent of geometry and test boundary
conditions. The developed methodology offers the ad-
vantage that the damping properties of bonded test spec-
imens can be determined on the basis of a small number
of tests, even for non-investigated test and geometry
boundary conditions.

The development of numerical material models which con-
tain the damping properties of the adhesives is often very
complex. Experimental investigations are also required to
validate the models. For a practical design of structures,
these procedures are too complex and often cannot be im-
plemented by the designing engineer. A graphic-based
prediction of the damping properties of bonded joints rep-
resents an efficient engineering approach. Therefore, the
developed method forms the basis for the consideration of
the damping properties of adhesively bonded joints, taking
into account defined validity limits in the context of the
practical design of structures [15]. Future research has to
adress complex stress states and the influence of geomet-
rical and material nonlinearities as well as temperature on
the damping properties.
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