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Problems of steel construction modal models identification
Problemy identyfikacji modeli modalnych stalowych
ustrojów nośnych*
Complex identification of steel construction modal models requires simultaneous numerical and experimental analysis of
the object. Such an approach allows to obtain more accurate results while the methods complement each other. Results
presented, concern stacker feeding bridge which operates in open pit mine. Operational modal analysis was made. Application of this method enables to assess influence of working condition on the modal characteristic. Experimental results
were validated with use of numerical method.
Keywords: modal analysis, steel construction, finite element method.
Kompleksowa identyfikacja modeli modalnych stalowych ustrojów nośnych, wymaga ujęcia zarówno eksperymentalnego
jak i numerycznego. Obie metody stanowią wzajemne uzupełnienie i umożliwiają dokładniejszą identyfikację. Przedstawione wyniki badań dotyczą mostu podającego zwałowarki działającej w kopalni węgla brunatnego. Przeprowadzono
eksploatacyjną analizę modalną. Zastosowanie tej właśnie metody badawczej, uwzględnia wpływ warunków działania i
obciążenia obiektu. Wyniki uzyskane w ten sposób zestawiono z eksperymentem numerycznym.
Słowa kluczowe: analiza modalna, konstrukcje stalowe, metoda elementów skończonych.

1. Introduction
Modal models identification, especially of large size objects, is a many stage, complex process. Numerical solution of
eigenproblem clearly defines frequencies and deflection shapes
of the system. However, taken simplifications of the numerical

model can influence on the results and shift frequencies from
the real one. Serious problem is the proper representation of
operational conditions. On the other hand, modal model identification with experimental method only, may lead to fault mode
shape recognition. Application of both methods simultaneously
allows to get complex knowledge about the object [1].

Fig. 1. View of the stacker feeding bridge
(*) Tekst artykułu w polskiej wersji językowej dostępny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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Correctly identified dynamic characteristics give significant
information for the proper operation. It is especially important
in case of load carrying structures of large size machinery. Dimensions of bucket wheel excavators and stackers operating in
open pit mines, excess dimensions of common machines. Main
source of vibrations are high level and amplitude alternating
excavation forces. Additional excitation occurs in drives [18]
and conveyors [8] when material moves hitting pulleys and in
places of duping of the material to the next conveyors. Technological movements as travel, turning or luffing the boom are
also significant vibration sources. Dynamic load of stackers,
in comparison to bucket wheel excavators, is not so high, but
the structure is more slender and susceptible. As a result, high
vibrations amplitudes are likely to occur in presence of not so
high forces and its alternations.
Good knowledge of dynamic characteristics is necessary to
reduce vibrations of the object. Indirect result of its decrease
will be increased durability of the structure while the fatigue
will be reduced [2, 12 ].
Lower vibration amplitudes decrease also the probability of
stability loss of the object or its substructures. There are known
cases of such a high vibration amplitudes that in the result some
parts of the structure were in collision [5]. Thanks to the proper
identification of modal model, modification of the construction
was possible in purpose to eliminate the unfavorable effect.
Moreover, mechanical vibrations have negative influence
on human being. Permissible acceleration values states in the
standards [10, 11]. It is possible that, in some extreme cases,
certain human organs can be in the resonance [3].
Results of experimental modal analysis and numerical modal analysis of the ZGOT 12500 stacker feeding bridge (fig. 1)
are presented.
Total mass of the bridge with the conveyor equals around 310 Mg. Important fact is the possibility to move the lower support. Thanks to it, the extent can change from 69.2 m
to 75.8 m.

a shaker of very big power. Till now, the excitation was performed with force impulse generated by sudden release of a mass
hanged-up on a bucket wheel boom [5]. The method is quite
troublesome. For the duration of preparation and performing
the experiment the machine must be stopped. It is especially
unfavorable because of constant need for coal in the power
plant. To make field testing, adequate big mass and releasing
device must be prepared. The mass must be released in moment
when force acting on the bucket wheel boom achieve required
level.
The application of operational modal analysis [6, 16], in
comparison to experimental modal analysis is much more
easier. Thanks to this method it is possible to estimate modal
parameters on the basis of output data only. As a result, field
testing is limited to the accelerometers location and data acquisition. Stop of the machine is not required. Since the excitation
is not known, the input must be substituted by correlation function (2), where x and y signals measured in different points.
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For the modal parameters estimation, already mentioned
Least Square Complex Exponential algorithm, Balanced Realization algorithm ( method formulated in the stochastic space
and, basis on the equation of state) or Canonical Variate Analysis algorithm (method very similar to the Balanced Realization)
[16, 17] are used.
Data acquired in this way cover also the real operational
and load condition. The dynamic characteristics of bucket wheel excavator can change with the changing position of bucket
wheel boom or load carrying structure. Operational modal analysis allows to determine modal parameters of the machine in
different configurations.

2.2. Numerical modal analysis
In numerical modal analysis, eigenproblem stated with
equation (3) where „K” is stiffness matrix and „M” is inertia
matrix, is solved.

2. Modal analysis
2.1. Experimental and operational modal analysis
The classic method of dynamic characteristics identification is experimental modal analysis. To perform such a test there is a need to excite the object with impulse of known force or
a harmonic signal of known force and frequency. To apply required input, modal hammers or modal shakers are in common
use [17]. This approach allow to determine impulse transient
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function (1) where Qr a scale factor, Ψr is a modal vector, λ is a
pole of the system, t is time.
Most popular methods of modal parameters estimation
in time domain, is solving of the eigenproblem with use of
numerical methods (Eigensystem Realization Algorithm)
and method using exponential decaying harmonic functions
(Least Square Complex Exponential) [17].
Implementation of experimental modal analysis for
large object investigation can be problematic. Proper excitation
of a bucket wheel excavator or a stacker would require use of

� � − λ � �ψ = �

(3)

Solution of equation (3) is possible with use of algorithms
i.e: Rayleih-Ritz reduction, subspace integration or reverse integration. However, most commonly used is Lanczos algorithm
[13, 7]. Its widespread application is due to the fact that it enables to solve large tasks in relatively short time. The complexity
of the problem do not influence significantly on the steps number required to solve the task.

3. Determination of modes
3.1. Operational modal analysis
Location of the measuring sensors and directions in which
accelerations will be measured is very important.
Sensors were placed in 9 points on the stacker feeding
bridge structure. Acquisition were made simultaneously on
the 12 channels. Points and directions were selected in such
a way to enable proper interpretation of maximum number of
modal deflection shapes [5, 9, 4, 14, 15]. Location of points do
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Fig. 2. Measurement points

Table 1. Measurement points description
Channel

Measurement point

1

1

2

2

3
4
5
6
7

3

5
6

9

7

11
12

Direction

1/21

8

y
y
y

6/21

4

8
10

Vertical member

z
y
y

10/21

z
y

15/21

y
y

21/21

9

z
y

not corresponds exactly to the ½ and ¼ bridge length in which
mode nodes are possible to observe. Precise description of measurement points is stated in table 1. Vertical members of the
bridge, in figure 2, are numbered from left to the right. The “z”
direction coincides with the normal vector of the plane created
by the bridge structure. The “y” direction is transverse to the

Fig. 3. Auto MAC matrix of modes determined in field testing
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bridge structure. Data were acquired during simultaneous travel
of the stacker and adjustable support to keep the bridge extent
constant.
Preliminary results analysis allows to distinguish 9 different modal modes. The auto MAC (Modal Assurance Criterion)
factor [17] points out a strong correlation between 1st and 2nd
and between 5th and 6th mode. Those modes describes the same
pole and their presence could be i.e. the method error. Graphical
representation of auto MAC factor is presented in figure 3. Red
and orange color corresponds adequately to the 1st, 2nd and 5th,
6th correlated modes. In all modes, except 4th, high phase scatter
is observable. This leads to the conclusion that the excitation
vibrations strongly affects on the presented modal deflection
shapes. Particular modes defined with operational modal analysis method are presented in the table 2.

3.2. Numerical modal analysis
Numerical modal analysis [14] was performed on the beam-shell model. Application of beam elements reduces size of
the model and in consequence the computation time. General
stiffness of the frame members is well represented by the beam
type elements, but the local stiffness of, for example gusset plates, is neglected. In the table 3, modes determined in the numerical modal analysis are shown.

3.3. Results comparison and analysis
Numerical analysis allows clear and direct determination of
natural frequencies and deflection shapes. Model created in this
way do not covers the influence of all external environmental
and operational factors. This may influence on the results of
the analysis.
Interpretation of experimental data is much more complex. Modes frequencies are often smeared over the whole
bandwidth. In such case it is difficult to correctly determine
particular mode. To define complex normal modes deflection
shapes, more sensors is required, but this highly increase costs.
In operational method, external factors, that might be omitted
in the numerical model, are included. That is the main advantage of this approach. Additionally the whole preparation and
measurement process can be done during operation of the machine. Excavation loads can have significant influence on the
dynamic characteristic.
Rough data analysis indicates big divergence between numerical and experimental results. The corresponding modes
were distinguished after detailed investigation of frequencies
and deflection shapes. Certainly, first modes determined in
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Table 2. Normal modes determined with operational modal analysis
Mode

Deflection shape

Modes 1 i 2,
frequency ~ 0.90Hz

Mode 3,
frequency ~ 1.1Hz

Mode 4,
frequency ~ 1.24Hz

Modes 5 i 6,
frequency ~ 1.69Hz

Mode 7,
frequency ~ 4.12Hz

Mode 8,
frequency ~ 6.33Hz

Mode 9,
frequency ~ 8.83Hz
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Table 3. Normal modes determined with operational modal analysis
Mode

Deflection shape

Mode 1,
frequency –
0.90Hz

Mode 2,
frequency –
1.17Hz

Mode 3,
frequency –
1.52Hz

Mode 4,
frequency –
1.60Hz
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Mode 5,
frequency –
3.12Hz

Mode 6,
frequency –
3.85Hz

Mode 7,
frequency –
4.29Hz
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Mode 8,
frequency –
4.56Hz

Mode 9,
frequency –
5.79Hz

both methods are related. The frequency in field testing and
numerical testing is around 0.90 Hz. The deflection shape is
bending the structure in transverse direction. Following related modes are 4th field testing mode and 2nd numerical simulation mode. Moreover, 3rd operational mode should be taken
under consideration. The frequency of this mode equals to 1.24
Hz and do not extend much form the two already mentioned.
Additionally, the deflection shape is also bending in vertical
plane. We can suppose that 3rd and 4th operational mode is
the same mode but strongly smeared. With this assumption
the approximate frequency of the mode will equal around
1.17 Hz. Next related modes are mode 4th of numerical analysis
and 5th and 6th mode determined with operational modal analysis method. The deflection shape is bending in the vertical plane
and horizontal displacement of one end of the supplying bridge
(but only in numerical model). Field testing show only vertical
displacement. However there was no measurement point in the
horizontal direction. Because of that fact there is no enough
data to unequivocally define those modes as correlated. The
average frequency for those modes equals around 1.65 Hz.
For the rest of results it is difficult to find related modes.
The complexity is much higher and most of the frequencies are
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different. Eigenvectors of higher modes are not clearly defined.
In some cases it is possible to observe some relations i.e.: 4th
numerically determined mode and 7th mode determined with
operational modal analysis. However, ambiguity of experimental results would cause wrong modes identification.

4. Summary and conclusions
Simultaneous application of numerical and experimental
methods is very good approach for identification of modal models of steel constructions. Results obtained in this way complement each other and enable more accurate model identification. Numerical model gives clear information what modal
deflection shape can occur. Unfortunately, simplified geometry
and assumption made during modeling can have strong influence on the vibration frequencies. For precisely frequency determination the field testing must be performed. Unfortunately,
because of the insufficient amount of measurement points, interpretation of mode shapes can be difficult mostly. Numerical
model support is very helpful during experimental data interpretation.

Eksploatacja i N iezawodnosc - Maintenance and Reliability vol.14, issue 1, 2012

Science and Technology
This approach in the case of stacker supplying bridge enabled to identify main normal mode frequencies and mode shapes. Nevertheless, significant divergences between numerical
and experimental model are observable. With experimental
method, clear determination of mode shapes of higher order
was not possible. The cause of that is mainly probably location
and number of measurement points. This influenced especially
on the torsional mode shapes identification. Lack of the torsional modes lead to the conclusion that the travel of the machine

do not excite this modes well. To conclude, the most significant
modes of the stacker supplying bridge are the basic bending
modes. The rest of modes are so unlikely to excite that do not
make any danger to the structure.
Acknowledgements: Research co-financed by the European Union within the European Social Fund.
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