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Abstract The paper deals with an experimental and a numerical investigation of dynamic properties of the
structure. Object of interest is a steel rod with circle section. The modal parameters, such as mode shapes and natural
frequencies, are obtained by two different ways: experimentally by using experimental modal analysis and
numerically by finite element analysis which were computed in NX Nastran solver. The results from both methods
are compared in NX through the correlation function. A relation between measured mode shapes and computed
mode shapes is expressed by Modal Assurance Criterion. This process of comparing is appropriate for verification of
experimental approaches.
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For a single element of FRF matrix can be described by
equation:

1. Introduction
The modal tests are being performed for several reasons.
One of them is a process of comparison experimentally
obtained data from measurement with data from finite
element analysis or with other theoretical methods.
Investigation of damping value can be the next reason. It
is useful to refine computational model. For example, if it
is assumed the vicious damping (Rayleigh damping),
when damping is a linear combination of mass and stiffness.
Other reason can be to find out causes, why the
construction vibrates. Answering the question of whether
the vibration is caused by resonance and what the excited
modal shape looks like provide modal analysis.

1.1. Experimental Modal Analysis
Experimental modal analysis is a part of mechanics and
it used for knowledge of the dynamic behavior of
vibrating structures. An aim of this process is to determine
modal parameters such as natural frequencies, mass,
stiffness, damping and mode shapes for a linear and timeinvariant system [1]. Foundation of experimental modal
analysis is measuring response and excitation force. Ratio
of response to excitation provides frequency response
function (FRF). By analysis of the measured FRFs are
determined modes of vibration. Every each mode is
defined by natural frequency, mode shape and damping. In
general FRF can be expressed by:
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where: λr is eigenvalue of the r th mode (natural
frequency + modal damping), ϕ rj is the j th element of
the r th natural shapes vector {ϕ} , N is number of modes.

1.2. Numerical Modal Analysis
Analytical solution solves an eigenvalue problem by
solving equations. The results of numerical modal analysis
are to get the natural frequency and their relevant mode
shape. The equation of motion for an N degrees of freedom
structure is given by:

{f}
[ M ]{q} + [ B ]{q} + [ K ]{q} =

(3)

where: [ M ] is mass matrix, {q} is vector of acceleration,

[ B]

is damping matrix, {q} is vector of velocity, [ K ] is

stiffness matrix, {q} is vector of displacement and

{f}

is

vector of excitation force.

2. Determination the Modal Parameters
by Experimental Modal Analysis
The aim of the experiment was to establish modal
parameters of a steel rod with circular cross section
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(diameter 22 mm, length 800 mm). The structure was a
freely suspended. The nineteen measurement points were
defined and marked on the rod (Figure 1). The eighteen of
them represented input degrees of freedom in which the
structure was excited by impact hammer (Bruel & Kjaer,
type 8206 with plastic tip). These points were equally
spaced apart. The last one (point 19) was the reference
output DOF (Figure 2) in which the responses were
measured by accelerometer (Bruel & Kjaer, type 4507 B
004). This point was located between the points 17 and 18.
A geometrical model and a model with all degrees of
freedom are shown in Figure 2. There can be seen two
different markers, where black-green hammers indicate
the places and directions in which the structure was
excited and red arrow indicates the position and
orientation of the accelerometer. Experimental modal
analysis was implemented by measuring system PULSETM.
The frequency measuring range was set from 0 to 10
kHz with 3 linear averaging of FRFs. The frequency range
was split by 6400 discrete lines.
The FRF matrix was created from the set of the
measured data. Measurement was evaluated in software
Pulse Reflex®. Complex mode identificator function was
calculated by singular value decomposition of FRF matrix.
Its magnitude spectrum is shown in Figure 3. There are
twelve peaks which can be easily identified. Each of them
indicates presence mode of vibration, i.e. the resonance
frequency of the rod.

Figure 1. Steel rod with marked DOFs

Figure 4. Complex mode identificator function from measurement
Table 1. Natural Frequencies obtained by measurement
Mode
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Damped Frequency (Hz)
164.82
435.91
845.64
1388
2055.03
2849.16
3749.44
4753.31
5859.11
7054.13
8333.34
9685.43

Damping (%)
1.75
0.33
0.14
0.12
0.11
0.12
0.06
0.05
0.05
0.04
0.06
0.10

Rational fraction polynomial method was used to
estimate of modal parameters in so-called curve fitting
process. Natural frequencies for each mode are listed in
Table 1. Damping values are listed only for interest. Their
relevant mode shapes are shown in Figure 5 – Figure 16
on the left side.
Figure 2. Geometrical model of the structure

Figure 3. Measuring equipment

3. Numerical Modal Analysis
The numerical simulation was performed in Siemens
NX 10.0. Geometrical model was represented by one line
with length of 800 millimeter. Beam elements (CBEAM)
were used to create finite element mesh. The circular cross
section with radius of 11 mm and material properties of
the steel were assigned to all elements. The number of
elements was 181. Solver NX Nastran (Solution type:
SOL 103 Real Eigenvalues) was used for the solution.
Boundary conditions were not defined what considered to
the analysis of free oscillation.
The results of the simulation are natural frequencies and
mode shapes. The natural frequencies are listed in Table 2;
the mode shapes are shown in Figure 5 – Figure 16 on the
right side.
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Table 2. Computed Natural Frequencies by NX
Mode
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Frequency (Hz)
157.17
432.2
844.08
1388.17
2060.39
2855.69
3768.31
4791.91
5919.68
7144.58
8459.38
9856.83

4. Comparison of Results of Numerical
and Experimental Modal Analysis
The measured frequencies and the computed frequencies
are in good agreement. It can be seen in Table 3 that the
first three measured frequencies are higher than computed.
It is caused by the stiffness of support used in the
experiment. Other frequencies are lower due to higher
stiffness of FE model.
On a base of visual assessment it can be said that the
measured mode shapes are also in good agreement with
the computed shapes (Figure 5 – Figure 16).

Figure 7. The 3rd mode shape (measured on the left side, computed on
the right side)

Figure 8. The 4th mode shape (measured on the left side, computed on
the right side)

Figure 9. The 5th mode shape (measured on the left side, computed on
the right side)

Table 3. Shift of the natural frequencies
Mode
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Measured
frequency [Hz]
164.82
435.91
845.64
1388
2055.03
2849.16
3749.44
4753.31
5859.11
7054.13
8333.34
9685.43

Computed
Frequency [Hz]
157.17
432.2
844.08
1388.17
2060.39
2855.69
3768.31
4791.91
5919.68
7144.58
8459.38
9856.83

Frequency shift
[%]
-4.64
-0,85
-0,18
0,01
0,26
0,23
0,5
0,81
1.03
1.28
1.51
1.77

Figure 10. The 6th mode shape (measured on the left side, computed on
the right side)

Figure 11. The 7th mode shape (measured on the left side, computed on
the right side)

Figure 5. The 1st mode shape (measured on the left side, computed on
the right side)

Figure 12. The 8th mode shape (measured on the left side, computed on
the right side)

Figure 6. The 2nd mode shape (measured on the left side, computed on
the right side)

Figure 13. The 9th mode shape (measured on the left side, computed on
the right side)
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Table 4. Compare Measured and Computed Natural Frequencies
and mode shapes by MAC
Mode

Figure 14. The 10th mode shape (measured on the left side, computed on
the right side)

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Measured
frequency [Hz]
164.82
435.91
845.64
1388
2055.03
2849.16
3749.44
4753.31
5859.11
7054.13
8333.34
9685.43

Computed frequency
[Hz]
157.17
432.2
844.08
1388.17
2060.39
2855.69
3768.31
4791.91
5919.68
7144.58
8459.38
9856.83

MAC value
[-]
0.996
0.983
0.968
0.943
0.911
0.870
0.668
0.855
0.819
0.824
0.705
0.746

Figure 15. The 11th mode shape (measured on the left side, computed on
the right side)

5. Conclusion

Figure 16. The 12th mode shape (measured on the left side, computed on
the right side)

Modal Assurance Criterion (MAC) was used for
quantitative assessment of the results. MAC indicate
compliance rate between sets of data. For example, if it is
needed to compare experimentally measured mode shape
and theoretically predicted mode shape, as in this case.
The MAC value is computed by equation:

MACr , s =

Ψ rH Ψ s

2

Ψ rH Ψ r Ψ sH Ψ s

(4)

where: Ψ H is complex conjugate transpose (Hermitian)
of the given modal vector, Ψ r is modal vector of mode r,

Ψ s is modal vector of mode s [5].
MAC value is a scalar parameter between zero and one.
The value near one indicates high level of compliance
between corellated mode shapes. Vice versa, the value
near zero says about different mode shapes.
MAC indicator shows high level of compliance. With
increasing frequency decreases MAC value (Table 4).
This is because mode shape is more difficult with
increasing frequency. The shape, which is measured
experimentally, is dependent on density of defined degrees
of freedom. For more detailed description of shape, it is
needed to use more measuring points. In ideal case, we
should use infinitely many of measuring points.

This paper deals with experimental modal analysis of
steel rod with circle section. The modal parameters are
estimated for free supported structure. Subsequently,
numerical simulation was carried out by using finite
element method. The results obtained by both ways were
compared. The comparison of natural frequencies showed
the relatively small differences that are acceptable with
respect to differences in boundary conditions in the
experiment and the numerical simulations. The support
used during the measurement had impact to dynamic
behavior of the structure. It is obvious that a free support
is difficult to achieve in the real space. The results also
showed the good match between measured and computed
mode shapes.
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