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Abstract 
 

Safe operation, availability and lifetime assessment of piping systems are of utmost concern 
for plant operators. The use of tuned mass dampers is a rather new approach for reducing 
vibrations to avoid high cycle fatigue in a large chemical piping system. 

The investigated piping system is supported by a tall structure fixed at the base. As a result, 
the steel building stiffness decreases with height. Furthermore large piping-elbow forces act at 
the top of the building, which lead to large vibration amplitudes. Since both piping system and 
supporting structure exhibited these large vibration amplitudes, dampers or shock absorbers 
placed between them would prove ineffective. Therefore, special vibration absorbers were 
developed for such piping systems. 

The paper presents the design process, starting with an extensive system investigation up to 
the passive multi-axial vibration absorber design parameters. This includes: 

 Laboratory tests with a mock-up pipe system, where the first design ideas for new 
passive vibration absorbers were investigated. 

 Vibration measurements were carried out to investigate the current state of the 
vibration behaviour. 

 The piping system was inspected; strain gauges were used to identify stress 
concentrations at welds and other notches due to ovalization. 

 Finite element calculations were performed, first as a combined beam and shell model 
for the pipe without the support structure. 

 A detailed model for the combined steel construction and pipe system was created. 
 Model-updating was done to fit the calculated model to the experimental modal 

analysis data. 
 Loading assumptions describing excitation forces from the mass flow were checked. 
 Harmonic frequency analysis was performed. 
 On the basis of these calculations design parameters for the passive vibration absorber 

were determined. 

Finally, a solution for the design of two passive vibration absorbers will be presented. 
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1 Introduction / Motivation 
 
An industrial piping system exhibits large vibrations in the upper region. Therefore integrity 
assessments, investigations on the vibration behaviour and on possible corresponding failure 
mechanism are of utmost concern. The overall goal is to control the vibrations and to find 
constructive measures for reducing the vibration amplitudes to avoid 
• Nozzle cracks, 
• Leakages and 
• Cracks in instrumentation nozzles. 
To achieve this goal a large number of measures such as measurement campaigns, 
corresponding calculations for understanding the system behaviour and design calculations for 
vibration absorbers have been carried out, reported herein. 

2 Use of dynamic vibration absorbers 
Dynamic vibration absorbers, also call tuned mass dampers (TMD) are often used, e.g. [1], to 
reduce the response of a vibration system to dynamic excitations and to increase the internal 
damping of an otherwise low damped vibration system. By attaching an auxiliary mass to a 
vibrating system by spring and damping devices absorber effects can be utilized, figure 1. By 
vibrating out of phase with the vibration main system counteracting forces are developed and 
energy is dissipated. 

 

Fig. 1: General effect of a vibration absorber - also called tuned mass damper (TMD) 

Today dynamic vibration absorbers can be found in easily excitable structures as street and 
pedestrian bridges, terraces, chimneys or long-span floors. When excited with frequencies 
close to a natural frequency these usually slightly damped structures respond with large 
deflections, which are often sensed as uncomfortable, but which are sometimes also 
dangerous and service life reducing. Large piping systems in power or industrial plants are 
also slightlydamped, highly flexible and complex structures. The increase of system damping 
is often the only efficient way to reduce system responses to all kinds of dynamic excitations. 
Viscous dampers are often used for this purpose but they require a stiff support point. 
Especially in tall piping structures these stiff supports are missing and therefore the use of 
passive dynamic vibration dampers with efficient damping capability is a promising approach 
to increase system damping and to solve the vibration problems in these systems. In general 
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dynamic vibration absorbers consist of a 
mass that is elastically connected to the 
main structure by springs or pendulum 
systems. Additional dampers acting in 
parallel to the springs or pendulums 
dissipate the vibration energy and widen 
the working range of these elements, 
figure 2. In case of large structures and 
depending on the critical mode shape to be 
dampened several absorbers can be 
installed along the structure to work in 
parallel.  

Fig. 2: General design of a vibration absorber 

3 Mock-up tests with vibration absorbers 
Within [2] and [3] different kinds of support components were mounted onto a mock-up and 
investigated by several project partners. Only one test series will be reported herein, namely 

 Vibration analysis of the system without damping from vibration absorber and 

 Vibration analysis using a newly developed passive vibration absorber.  

The system consists of one fully clamped support at the anchor plate and a sliding support 
constructed by means of two vertical struts. The construction is shown in figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Mock-up system for vibration tests with and varying boundary condition 

 

The main features of a first rough finite element (FE-) model are that the whole system with its 
nominal piping diameter and the quadratic anchor-plate which is mounted onto the mounting 
plate with 4 anchors was modelled altogether with 3D-Volume tetrahedron-elements by using 
the Finite Element Program ABAQUS. The first six calculated eigenfrequencies and 
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Mode 5 (hor.) 

Mode 6 (vert.) Mode 4 
(vert.) 

Mode 1 
(hor.) 

Mode 2  
(vert.) 

Mode 3 
(hor.) 

corresponding mode-shapes are given in figure 4. Within this calculation a concentrated mass 
for the MPA-shaker was taken into account. 

Fig. 4:   First FE-model, Modes 1 to 6 
 

For time history dynamic integrations a new FE-model was created with extended beam 
elements so called EL-BOW31-elements of the ABAQUS element library which take into 
account cross section ovalization. The element-length is about 20 mm. The whole system was 
modelled with these elements. Therefore also the decays of the ovalization in adjacent beams 
following an elbow are taken into account as well. The conical cross section close to the 
mounting was divided into 5 beam elements.  

The torsion stiffness of the pipe connection to the ground at the anchor-plate which itself is 
mounted to the concrete-mounting plate of the laboratory by 4 anchors was idealized by two 
torsion springs in the direction of the in-plane and out-of-plane bending moment at the 
connection point of the pipe. These torsion springs and the pipe wall thicknesses - simulating 
the deviations to the nominal wall thicknesses - were the main parameters of the model-
updating process.  

The measurement data of table 1 represents as well the free vibrating system without damping 
from the vibration absorber but including the mounted MPA-shaker with a mass of 65 kg. The 
modal data was evaluated by means of Endevco accelerometers Type 7754-1000 and LMS 
Test.Lab 6A Operational Modal Analysis. The deviations between Snap-Back Test results and 
Impact Hammer Excitation results were less than 1%. Therefore mean values of test series 
are given. All mode shapes correspond with the above mentioned calculated modes.  

A comparison of measurement data with both, the updated Elbow-Element Model and the first 
design calculation for the system including a shaker mass of 65 kg is given in table 1.  

Measurements and calculations correspond well, with the only exception of the out-of-plane 
mode 5 of the ELBOW-Model. 

The principal design of the newly developed passive vibration absorber (TMD, tuned mass 
damper) for piping consists of a cantilever beam with a concentrated mass at the end, 
vibrating in a cylinder. The vibration velocities are damped by a special fluid within the cylinder 
as sketched in figure 5. The bending eigenfrequency depends on the stiffness of the member 
which in turn depends on the free and vibrating length L. For tuning purposes this length L is 
adjustable. 
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Mock-Up system without damper but 
with MPA-shaker 

Mode Measure-
ment *) 

Elbow-
Element 
Model 

Volume- 
Element 
Model 
(fig. 4) 

Type 
of 

Mode 

No. [Hz] [Hz] [Hz]   

1 1.50 1.50 1.38 Hor. 

2 5.54 5.55 5.44 Vert. 

3 7.17 7.17 6.92 Hor. 

4 8.66 8.74 8.62 Vert. 

5 10.72 11.10 10.63 Hor. 

6 23.64 23.60 23.61 Vert. 

 *) Mean value from snap-back and impact tests 

Table 1: Comparison Measurement – 
updated FE-model, mock-up system 
without any damping components 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Principle design of installed TMD 

For energy dissipation the 
vibrating mass of the 
dynamic absorber moves in 
a highly viscous fluid. The 
absorber can be attached to 
the pipe in every position 
and the direction of the 
absorber vibration adapts 
itself to the motion of the 
pipe.  

Two different mounting 
positions of the vibration 
absorber (horizontal and 
vertical) on the mock-up 
close to the second elbow 
were investigated during the 
laboratory experiments. The 
situation with the 
horizontally mounted 
vibration absorber is shown 
in figure 6. 

  Fig. 6: Mock-up system with mounted vibration absorber 

The results of the two manually driven sine-sweep excitation tests up to 480 rpm (second 
vertical natural frequency) and afterwards down to zero are shown in figure 7. The results of 
the blue (horizontal) position are given by the blue line, the results of the yellow (vertical) 
position by the yellow line. The pink line represents the system response without vibration 
absorber. The results of figure 7 show predominantly vibration absorbing regarding the 
frequency range of Mode 2. Also much more energy absorbing effects are observed when the 
absorber is mounted in the ‘blue’ position. Mode 2 has larger vertical displacements than 
horizontal in this region. 

L 

Piping 

 

Vibration absorber 

Pipe 

520



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Results of sine-sweep tests with two different mounting positions of vibration absorbers 

 

Figure 8 shows a comparison of snap back tests with and without damper. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Mock-up with (green) 
and without (red) vibration 
absorber 
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FE: 

1. In-plane:  25.3 Hz

1. Breathing Mode:  29.4 Hz

MP 3

FE: 

1. In-plane:  25.3 Hz

1. Breathing Mode:  29.4 Hz

MP 3

Vibration measurements 
with accelerometers and 
seismic transducers 

Predominant Building Modes

Predominant Piging Modes

2 Hz: also range of first building mode during shut-down (May 2006)

Predominant Building Modes

Predominant Piging Modes

Predominant Building Modes

Predominant Piging Modes

Predominant Building Modes

Predominant Piging Modes

Predominant Building Modes

Predominant Piging ModesPredominant Piging Modes

2 Hz: also range of first building mode during shut-down (May 2006)2 Hz: also range of first building mode during shut-down (May 2006)

Predominant Piping Modes 

 Predominant Piping Modes 

 

Resonance excitation  

0        5         10       15       20       25    [Hz]        35        40       45 

First Building Mode: ~ 2 Hz 

Predominant Couple Piping and Building Modes 

 

4 Identification of the vibration behaviour at the investigated large 
scale piping system 

 

After laboratory studies on the behaviour 
of the newly developed piping vibration 
absorbers were finished, the challenge 
arose to design them for plant installation. 
Since the upper part of the plant has 
much less rigidity, because cross sections 
of the steel structure are smaller and the 
top part even rises above the structure, 
see figure 9, the idea with vibration 
absorbers came up. The piping system is 
not covered by a building and so it is 
subjected to weather conditions like 
heavy storms near the North Sea and of 
course temperature changes. All these 
conditions lead to stochastic vibration of 
the plant, which cannot be controlled 
easily by commercially available damping 
elements. 
 Fig. 9: Piping System and Steel Construction 

 
Therefore, strong requirements exist on 
the design of vibrations absorbers. Also 
extensive investigations of the whole 
plant system and measurement 
campaigns have been carried out.  

The Piping System was inspected often 
and in detail. To understand failure 
mechanisms, endurance limit load tests 
on plane specimens of the special 
material applied – not presented here but 
in [3] - were performed.  

First, of all, vibration measurements 
were carried out to investigate the overall 
vibration behaviour and the current state 
of the system. With the experience of [4-6] 
the structural vibration behaviour was 
detected by seismic transducer and the 
piping vibration behaviour by 
accelerometers including operational 
modes. Interactions between piping and 
steel construction, figure 10, were found. 
The interesting mode, a coupled piping-
building mode which shows resonance 
effects, lies in the vicinity of 10 Hz with 
mostly in-plane movements of both upper 
elbows.  

 

Fig. 10: Vibration measurements on the whole system
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Q1 

Q2 

 

Strain gauges, 
figure 11, were used 
to identify stress con-
centrations of the 
pipe at connections 
to the structure (cross 
section Q1), on welds 
and other notches 
due to ovalization 
(cross section Q2). 

Fig. 11:  Strain gauges measurements at cross-sections Q1 and Q2, 
measurement point MP7 in the flank of Q2 

Altogether, the dynamic portion 
of the experimentally determined v. 
Mises equivalent stress is rather 
small. The  largest amplitude with a 
time period slightly above 0.1 s 
corresponds to the result of a first 
finite element (FE-) calculation, 
figure 12, with a combined beam 
and shell model for the pipe without 
modelling the whole building. A 
calculated mode shape below 10 Hz 
subjected to a horizontal movement 
of < 1 mm at the elbows predicts v. 
Mises stresses due to ovalization 
close to the measured ones. 

Fig. 12: Predicted stress concentrations by FE-calculation 

 

Since the building structure has 
a large number of coupled modes 
with the pipe, especially in the upper 
part of the whole system, a sizeable 
FE-model was created considering 
interaction between piping and 
building. It is impossible to model 
the building with all details and 
connections to other buildings. Thus, 
a typified model, figure13, with 
almost all important load carrying 
girders and dead loads of vessels 
was created which matched the first 
5 mode shapes of the whole 
structure. 

 

Fig.13: FE-model considering interactions between piping and building 
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Before designing the vibration 
absorber additional vibration 
measurements were carried out only 
regarding the top of the piping 
system because some boundary 
conditions had changed in the 
meanwhile and some seismic 
transducers during former 
measurements were sometimes out 
of range. A plan for vibration 
measurements on the basis of FE-
calculations was created. These 
additional measurements were 
performed with accelerometers only, 
figure 14. The measurement point at 
the highest location is MP47.  

Fig. 14: Final vibration measurements at the region of 
interest, blue: accelerometers mounted to the 
pipe, orange: mounted to the steel girders 

 

Long-term measurements allow calculating the average and variance of the vibration 
signals and a clear identification of the relevant frequencies of the system investigated. 
Acceleration spectra of interesting points are given in figures 15-17. 

The highest vibration level occurs at MP21 and MP47. The results of MP3 mounted to the 
pipe and MP43 mounted to the steel construction in the vicinity of MP3 are quite similar in the 
frequency domain up to 30 Hz. This underlines that vibrations of coupled modes - piping and 
steel construction – are subjected to damping. All these measurements were carried out 
during 100% operation of the plant. For visualization of corresponding mode shapes the 
normalized amplitudes of the modes were impressed as static load to the FE-net, figures 18-
20. The mode shape shown in figure 18 resp. figure 19 is the mode shape with the highest 
resonance effect of the upper two elbows regarding corresponding displacements. Figure 21 
shows the calculated mode shape at 11 Hz from the finite element model of figure 13 
corresponding to the measured one at 10 Hz of figure18. 

   

 
Fig. 15: Spectrum of accelerations, MP21, x-direction 
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Fig. 16: Spectrum of accelerations, MP3, x-direction 

 
Fig. 17: Spectrum of accelerations, MP43, x-direction 

Fig. 18: During 100% operation, measured 
operational mode: 9.75 Hz 

Fig. 19: During 100% operation, measured 
operational mode: 9.75 Hz (from 
above) 
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 During Operation: excitation due to 
elbow forces caused by mass flow and 
internal pressure

Resonant excitations specially in the 
range around 8-10 Hz, why?

fExc = 3.9 HzfExc = 9.7 Hz

t  = 0.26 st  = 0.103 s

V = 4.52 m/sV = 11.3 m/s

Q = 0.56 m³/sQ = 1.39 m³/s

Density 500 kg/m³Density 200 kg/m³

fExc = 3.9 HzfExc = 9.7 Hz

t  = 0.26 st  = 0.103 s

V = 4.52 m/sV = 11.3 m/s

Q = 0.56 m³/sQ = 1.39 m³/s

Density 500 kg/m³Density 200 kg/m³

X = 1.16m

Mass flow: 1000t/h 
= 278 kg/s

Assumption:

Q = V·A

t  = ?
X = 1.16m

Mass flow: 1000t/h 
= 278 kg/s

Assumption:

Q = V·A

X = 1.16m

Mass flow: 1000t/h 
= 278 kg/s

Assumption:

Q = V·A

X = 1.16m

Mass flow: 1000t/h 
= 278 kg/s

Assumption:

Q = V·A

X = 1.16m

Mass flow: 1000t/h 
= 278 kg/s

Assumption:

Q = V·A

t  = ?

Increase of V 
(mass flow) might 
be conservative

Increase of V 
(mass flow) is not 
conservative

F (t = t1) F (t = t2) 

 

 
Fig. 20:  During 100% operation, measured 

operational mode: 13.5 Hz 

 
Fig. 21:  Calculated mode at 11Hz 

 

5 System identification and design calculations for tuned mass 
dampers (TMD) 
In a first step model-updating was done to fit the calculated model to the experimental 

modal analysis data. Taking into account some more construction details such as stiffness of 
nodes of the skeleton framing and masses of gratings, balustrades and heavy girders carrying 
only cables in the finite element model of figure 15 finally brought about a reasonable 
correspondence between the experimentally determined and calculated mode shapes 
regarding the region of interesting resonance frequency at 10-11 Hz, compare figure 21 with 
figure 18. 

Furthermore, the understanding of the resonance excitation was of interest. Load 
simulations were created to describe the mass flow excitation.  

Figure 22 explains an approach for possible 
excitation-forces acting at the upper elbow: 
Unbalanced forces act to the pipe at the elbows 
due to the mass-flow (plug-flow) at t =t1 and t = 
t2. If the time duration t = t2 - t1 of the mass flow 
between the turn-around points is given by the 
distance x of the centreline and the velocity V, 
the frequency of the acting excitation force was 
calculated with a frequency of 9.7 Hz 
corresponding to the flow rate Q [m³/s] at this 
level. This explains the measured resonant 
excitation at around 10 Hz. 

 

 

Fig. 22: Approach for possible acting excitation-
forces at the upper elbow 
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 Frequency of the main system fH [Hz] 11.0

Concentrated mass mH [kg] 7000

Mass ratio µ 0.05

Absorber mass mt [kg] 2 x 175

Absorber stiffness kT [N/m] 2  x 760000

Absorber damper cT [Ns/m] 2 x 2900

Damping ratio DT 12.7%

By means of the updated model harmonic frequency analysis was performed, on the basis 
of these calculations design parameters for the passive vibration absorber were determined as 
explained hereafter. The mathematical back-ground for a SDOF (Single Degree Of Freedom) 
tuned mass damper is given in [7 and 8]. Figure 1 shows the effect of an optimized tuned 
mass damper nominated herein as vibration absorber. The optimum damping ratio [7] 
becomes 

  (1) 

The final frequency of system including vibration absorber yields 

, (2) 

where mT denotes the absorber mass, mH stands for the concentrated mass of the upper 
vibrating system. fH is the eigenfrequency of the system without vibration absorber. 

The design parameters were calculated by means of the updated model of the FE 
calculation. Measurement locations MP3 and MP4, figure 14, were chosen as locations for the 
vibration absorber installation in the FE-Model. The frequency response spectrum in figure 23 
shows the response in x - direction due to uniform force excitation in x-direction (1 N) at the 
top of the piping system without vibration absorber. 

 

 
Fig. 23:  Frequency response in x - direction due to uniform force excitation in x-direction (1 N) 

at the top of the piping system 

With the finally chosen calculation 
parameters from table 2 the system 
response regarding uniform force 
excitation in x-direction at the top of the 
piping system for the case with two 
vibration absorbers of mT = 175 kg tuned 
at 11 Hz leads to the spectrum 
presented in figure 24. The predicted 
amplitude reduction has the factor of 1/6 
in the range of 10-12 Hz as it is 
described in this figure. Table 2: Pre-calculation design parameters 
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Fig. 24: Frequency response due to uniform force excitation in x-direction at the top of the 

piping system for the case with two vibration absorbers of mT = 175 kg tuned at 
11 Hz leading to reductions of amplitudes by the factor of 1/6 

From these calculations finally a solution for the design of a passive vibration absorber 
has the following main features:  

• Total mass: max. 330 kg    

• Vibrating mass: 175 kg 

• Max. displacement: ± 1.0 mm    

• Operational amplitude : ± 0.2 mm 

• Frequency: 8.7 Hz +/- 0.1 Hz  

(taking into account the reduction of eigenfrequencies of the system according to the mounted 
absorbers masses) 

6 Final design of passive vibration absorbers for the investigated 
piping system 
Piping systems are complex 3-dimensional structures usually with many and complicated 

mode shapes. The design of a dynamic vibration absorber has to consider the specific 
requirements of the piping systems in question and should enable easy and safe installation.  

The optimal mounting location in regard to vibration reduction is not always available. 
Therefore the dynamic absorber should work in many positions.  

The selected design works analogous to the mock-up test with a defined mass that is 
connected to a member. The bending eigenfrequency depends on the stiffness of the member 
which in turn depends on the free and vibrating length. For tuning purposes this length is 
adjustable, figure 5. 

For energy dissipation the vibrating mass of the dynamic absorber moves in a highly 
viscous fluid. The absorber can be attached to the pipe in every position and the direction of 
the absorber vibration adapts itself to the motion of the pipe. 

Vibrating mass, stiffness and damping were chosen in accordance to known optimization 
criteria for harmonic and random vibrations. Based on measurements and finite element 
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calculations the modal or resonant mass of the 
structure was determined. With a mass ratio of 5 % the 
total vibrating mass of the absorber was 350 kg. The 
optimal damping ratio of the absorber is about 11%. 

In the discussed case two absorbers with half the 
required vibrating mass were designed to minimize the 
additional weight attached to one point of the pipe, 
figure 25. 

 

 

 

 

 

 

Fig. 25: Mounting situation of the left vibration absorber 

7 Summary and conclusion 
Safe operation, availability and lifetime assessment of piping are of utmost concern in an 

operating plant. The investigated piping is supported by a tall structure fixed at the base. As a 
result, the steel building stiffness decreases continuously in height. Furthermore large piping-
elbow forces act at the top of the building, which lead to large vibration amplitudes in the area 
of 10 Hz where coupled piping-building resonance excitations occur. Since both piping system 
and supporting structure exhibited these large vibration amplitudes, dampers or shock 
absorbers placed between them would prove ineffective.  

Therefore, special vibration absorbers were developed for such piping systems. The 
feature of this special vibration absorber for piping consists of a cantilever beam with a 
concentrated mass at the end, vibrating in a cylinder. The vibration velocities are damped by a 
special fluid within the cylinder. The bending eigenfrequency depends on the stiffness of the 
cantilever beam which in turn depends on the free and vibrating length L, figure 5. For tuning 
purposes this length is adjustable. The absorber can be attached to the pipe in every position 
and the direction of the absorber vibration adapts itself to the motion of the pipe. A prototype of 
this vibration absorber was tested at the laboratory of MPA Stuttgart with success.  

Root cause analyses of the large vibrations at the piping system such as thorough 
measurement campaigns and detailed FE-models updated by operational modal analysis data 
brought about a system-identification and an understanding of the resonance effect. On this 
basis a reasonable design for two vibration absorbers connected to the piping in the upper part 
of the structure was found, table 2 and figure 25. 

8 Acknowledgements 
This work was performed with support from the EU (European Union) in the framework of the 
Large Collaborative Research Project IRIS (Integrated European Industrial Risk Reduction 
System, CP-IP 213968-2) in work package WP2. The author also wishes to acknowledge the 
contributions of the IRIS partners GERB, Dow and Müller-BBM (BfB Stuttgart). 

529



9 References 
[1] Meinhardt, D., O. Dressen and F. Dalmer: Increase of the structural damping due to the 

application of tuned mass dampers TMD subject to the footbridge construction, Third 
International Conference, Footbridge 2008 

[2] Large Collaborative Research Project IRIS (Integrated European Industrial Risk 
Reduction System, FP7-CP-IP 213968-2), European Union, 2008-2012 

[3] European Union Research project SAFEPIPES (Safety Assessment and Lifetime 
Management of Industrial Piping Systems), FP6-STRP-013898, European Union, 2005-
2008 

[4] Kussmaul, K. and K. Kerkhof: Realistic boundary conditions determined by ambient 
vibration analysis and model-updating, ASME/JSME Joint Pressure Vessels and Piping 
Conference, San Diego, July 1998 

[5] Mattheis, A., M Trobitz, K. Kussmaul, K. Kerkhof, R. Bonn and K.-H. Beyer: Diagnostics 
of piping by ambient vibration analysis, Nuclear Engineering and Design, 198 (2000) 
131-140, Elsevier 

[6] Gurr-Beyer , C., D. Heiland, T. Jaquet und H. Flöttmann: Vibration maps – 
Qualitätssicherung in schwingungsempfindlichen Produktionsstätten, VDI-Tagung 
„Baudynamik“ Kassel 2003, VDI-Bericht Nr. 1754 

[7] Bachmann H. und W. Ammann: Schwingungsprobleme bei Bauwerken – durch 
Menschen und Maschinen induzierte Schwingungen, Series Structural Engineering 
Documents 3d, 193 pp., International Association for Bridge and Structural Engineering 
(IABSE), Zürich, 1987, ISBN 3-8574-8051-3 

[8] VDI Guideline VDI 3833 Part 1 and 2: Dynamic Damper and Dynamic Vibration 
Absorber, 2009 

 

530


