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Abstract:

This paper presents an experimental and numerical modal analysis of the military vehi-
cle hull. Due to its adaptation to various weapon systems, it is necessary to conduct
detailed tests. Computer simulations are a very useful tool. To ensure the reliability of
the results, it is necessary to validate the models. The modal analysis was used in this
work. It was carried out using the roving hammer method. Both natural frequency and
mode shape were compared. The Modal Assurance Criterion was used for the compari-
son. To determine areas of noncompliance, distributions of relative differences between
experimental and finite element (FE) mode shapes were prepared. The presented results
indicate a large convergence between the results of numerical and experimental anal-
yses.
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1. Introduction

Modern armoured vehicles, especially for special purposes, play different roles on the
battlefield. Their design, equipment and performance are determined by the intended
purpose. Armoured vehicles can be used as infantry carriers, direct fire support vehi-
cles, reconnaissance vehicles, technical recovery vehicles and others. During their
construction, modular conception is used which enables the implementation of ver-
sions adapted to various tasks.

The universality of the structure brings additional requirements that must be met
by the base structure. Various applications / installed weapon systems generate differ-
ent values of loading to a hull, suspension, running gear and propulsion systems.
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Therefore, before making a decision to change the purpose of an armoured vehicle, it
is necessary to conduct appropriate tests.

A common practice used by scientific and research centres during designing and
developing new constructions is the numerical approach using the finite element (FE)
method. FE analysis has become an essential tool to estimate structural responses
under static and dynamic loads. Research is being conducted [1, 2] to determine the
exposure of crew and specialist equipment to such threats as direct fire, anti-tank mine
explosion and improvised explosive devices. This approach allows the development of
solutions to improve their protection [3-5], as well as optimization of its parameters to
minimize the crew’s exposure to threats as much as possible. An important aspect in
the design process is also fulfilment of international requirements for ensuring an
adequate degree of protection contained in standards such as NATO STANAG 4569.

Numerical methods allow for a wide range of analysis, e.g. the impact of various
equipment configuration variants and armour on the crew and equipment protection
level, as well as traction and operational properties. The undoubted advantage of this
method when having the right data, compared to testing of real objects, is a significant
cost reduction, identification of sensitive construction nodes along with determination
of resonance frequencies that can have a big impact on the durability and reliability of
specialized equipment.

To ensure the reliability of research results it is necessary to validate the numeri-
cal model. A different approach is presented in the literature in this regard. The best
way how to achieve the highest reliability is to conduct experimental research on real
objects on a full scale. Unfortunately, such tests are costly and, with respect to the
tests required for armoured vehicles, they often lead to structural damage. Another
approach is to conduct research using substitute models or separate parts of the struc-
ture. However, they do not always allow correct mapping of the entire vehicle
structure behaviour.

Valuable information on dynamic properties of technical objects is provided by
modal analysis. This method is applied in numerous fields of technology. It also al-
lows validation of numerical models. This approach is presented, among others in
[6, 7] where the authors presented the use of modal analysis in the study of the entire
hull of a combat vehicle as well as fragments of protective structures. In [8], the dy-
namic properties of a steel plate are investigated using FE model and experimental
method. The FE model was validated using modal testing. In [9], a method of refining
of the numerical model based on experimental research is presented. Standard test
methods were applied, resulting in satisfactory compliance of the numerical model
with the examined object. A similar approach is presented in [10] where the authors
presented the bell model validation procedure.

The literature presents examples of the use of modal analysis to assess wear and
fatigue. In [11], the experimental modal analysis was carried out on different types of
friction stir spot welded specimens after different fatigue life tests. FE modelling was
performed in commercial software using the Lanczos method to compare the obtained
results with the experimental tests.

The authors [12] presented the application of determining the dynamic character-
istics of aircraft propeller, noise generated and the impact of vibration on flight
characteristics. The paper [13] presents an operational modal analysis of a stacker
operating in a brown coal mine. The results obtained in this way were compared with
a numerical experiment. Modal analysis can also be used in the diagnostics of ma-
chines or building structures [14].
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In [15], the use of modal impact testing to characterize the modal properties of
a military tactical wheeled vehicles chassis was studied. The results suggest that modal
impact testing on ground vehicles is a feasible means of identifying the operational
deflection shapes and certain types of mechanical damage.

In this paper, model validation was carried out based on the results of modal
analysis. The natural frequencies and mode shape of vibrations have been determined
for both the real hull of the vehicle and its numerical model. Particularly important
from the authors’ point of view is the bottom plate in the crew compartment. It is
a vulnerable, unprotected hull fragment characterized by high susceptibility. During
normal operation, vibrations are induced in it. This creates additional exposure for
soldiers who keep their feet directly on it. Additionally, in the case of detonation of an
explosive charge under the bottom it undergoes large dynamic deflections.

The main purpose of the work was to obtain data on natural frequencies and
mode shape of vibration of the bottom plate of a military vehicle’s hull, followed by
validation of a numerical model. An additional goal was to check the possibility of
using the interpolation procedure to compare the results of experimental and numerical
tests in which a different number of measuring points is used. In this paper, a detailed
comparison of results of experimental modal testing and FE model is presented.

2. Experimental Test

In the study, modal analysis was used to identify the important dynamic properties of
the object. This standard method allows to determine the natural frequencies and nor-
mal modes of vibration, as well as to determine the damping coefficients of objects
with a complex structure. The special vehicle hull is shown in Fig. 1.

Fig. I View of the test object

During modal testing, B&K modal hammer type 8202 and ICP accelerometers
B&K type 4395 were used. The measuring and recording system consisted of an
8-channel Sirius+ vibration analyser and a computer with Dewesoft X3 software. 91
measuring points were determined on the hull’s bottom plate, which were excited by
a modal hammer. The response of the tested object was measured by seven accelerom-
eters, in a configuration shown in Fig. 2. In the scheme, the green points indicate
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places of hammer impact, while the red-green ones points where accelerometers were
mounted (on the opposite side of the plate — outside of the vehicle).

Fig. 2 Measuring point grid and location of accelerometers

The roving hammer method was applied during the measurements, in which re-
sponse measurement point was fixed, and the hammer was roved over the entire
structure. In the series of tests, the impact forces were evaluated on the basis of trigger
level, double hit level and overload level. The result has been improved by averaging
the excitation and response spectra over a number of impacts (3 hits were recognized
and taken into calculation). Example of excitation and response is presented in Fig. 3.

S I T T T — !
ol A R T S i
2T | I A R 1'
s : | : | |
£ 200 pommoees HE—— T A R H
=
Bt 100 bo--mmmon- . S S bommmmmme o i
. : : ! : :
i I T . H— 1
= | | | |
E ' ] L ! ]
= 2000 |--------- it bommmmmoe- b
= i i i
:E i i :
E 0 i i i
= : ! :
g S e e P
> | ' 1 '
" 000 1 i ] i )
0 10 20 30 40 A
Time [ms]

Fig. 3 Example of excitation and response
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The Dewesoft X3 software system recorded and analysed the excitation and re-
sponse of the structure in selected nodes in real time and calculated it the transfer
functions described by formula (H1 estimator is used):
5, (@)
S (@)
where S,,(w) is the Cross Spectral Density in the frequency domain of input X(r)
(force) and output Y(#) (acceleration), Sq(w) is the Auto Spectral Density in the fre-
quency domain of input X(¢) (force).

The H1(w) estimator is used in situations where the output to the system is ex-
pected to be noisy when compared to the input. The function was determined for each
pair (impact-response) to obtain 637 transfer functions for the examined object. When
the amplitude of the transfer function shows a local maximum, and the phase is turning
in this point, it usually indicates a resonance. To be sure, also the coherence should be
checked. And last, Mode Indicator Function (MIF) was calculated. It could be found
using the following Eq. (2):

TF(w) = (1)

Z Real TF [I]T |

|TF TF; (o)

MIF =1-

)

MIF value close to 1 indicates a mode shape. MIF is a vector channel, and it is
calculated over all transfer functions (all points), therefore it is only one channel. Fig.
4 shows a graph of the MIF function calculated based on transfer functions. The points
for which subsequent natural frequencies were observed were marked on it.
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Fig. 4 A graph of the MIF function

To compare results of simulations and experiment tests, Natural Frequency Dif-
ference (NFD) correlation coefficient described in Eq. (3) was used. It gives an
assessment of the difference between the natural frequencies of a pair of modes in two
modal data sets.
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In the formula, (w.); is the natural frequency of i mode in an experimental data set,
and (wy); is the natural frequency of the j mode in simulation data set.

Modal Assurance Criterion (MAC) was used to provide an overall estimation of
the difference between two mode shapes. It can be given as Eq. (4):

(vl {w)|

(e e e (e

where ¥, is mode shape vector from experimental test, ¥s; mode shape vector from FE
analysis.

Using this criterion, the modal vectors from a finite element analysis can be com-
pared with those determined experimentally, as well as with modal vectors determined
by way of different experimental or modal parameter estimation methods. MAC value
of 0 means that the two-mode-shapes are completely different in shape. MAC value of
1 indicates that the two-mode-shapes have the same shape. In practice [16], two vec-
tors are considered correlated when MAC is greater than 0.9, while they are judged
uncorrelated when the MAC is lower than 0.6.

MAC criterion allows for comparison of two-mode shapes, however, it does not
provide information in which areas the compared vectors are different. In order to
show areas of noncompliance, distributions of differences between vertical displace-
ments of individual nodes obtained in experimental and numerical studies were
computed. Both vectors were normalized before comparison. Due to the different
number and coordinates of nodes in experimental (91) and simulation (10 800) tests, it
is necessary to adapt two meshes to equal dimensions. It was decided to use the inter-
polation procedure adapting the mesh from experimental to simulation studies. Cubic
interpolation was used to determine the values at additional points. This approach is
different from those presented in the literature.

100% (3)

MAC(i, j) = 4)

3. Numerical Test

A numerical model was developed to determine the modal frequency and the mode
shape of the hull vibration. It contains about 145 thousand shell elements. Besides the
hull plates, all reinforcements, equipment mounting brackets plus bulkheads located
inside the hull were taken into account. All these elements affect the change of hull
stiffness and thus its vibration. The vehicle hull model is shown in Fig. 5.

LS-DYNA software was used for the modal analysis of the hull structure. Due to
the large number of degrees of freedom of the analysed structure, the calculation uses
the iterative Lanczos algorithm, adapted to search for a predetermined number from
many eigenvalues. During the calculations, 50 lowest natural frequencies were deter-
mined, as well as mode shape of vibration of the hull structure. The formulated
problem requires the solution of the equation of state describing the generalized eigen-
value problem, which in matrix form has the form (5):

(K - Mo} =0 ©)
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Fig. 5 The vehicle hull model

where @, — the natural frequencies vector, ¥ — the mode shape vector, K- the stiffness
matrix of the system, M — the inertia matrix.

From the point of view of the work being carried out, vibrations of the bottom
plate located in the crew compartment are the most interesting. Due to the coupling
between the bottom and the side walls, it is not possible to extract the bottom itself for
calculations. This results in the introduction of different boundary conditions on the
edges, which significantly changes both natural frequencies and mode shape of vibra-
tions.

Fig. 6 presents an example illustrating the impact of boundary conditions on nat-
ural frequencies and mode shape of the bottom plate of the crew compartment.
Calculations were made for a free plate (Fig. 6a) and the one fixed on its edge
(Fig. 6b). Fig. 6¢ shows the calculation of the obtained results for the entire hull. For
ease of comparison with the previous ones, Fig. 6d shows only the bottom fragment.
53.18 Hz is the lowest natural frequency associated with the bottom plate only. Of
course, there are also lower ones, but they are associated with the natural vibrations of
the hull as a whole (mainly bending and torsion of the hull in various planes). Based
on the obtained results, it can be clearly stated that calculations cannot be made for the
bottom plate alone. In order to correctly map its working conditions, it is necessary to
include a whole hull in the calculations.

a)f,=17.31 Hz b) f, = 98.46 Hz

¢)f,=53.18 Hz d)f,=53.18 Hz

Fig. 6 Natural frequencies and mode shape of vibrations: a) free plate,
b) plate fixed on its edge, c) whole hull, d) bottom plate
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4. Results and Discussion

In accordance with the methodology presented in Chapters 2 and 3, measurements and
modal analysis of the hull’s bottom plate vibrations were carried out. These data were
used to perform a comparative analysis with the results of numerical analysis.

In order to compare a similarity between the mode shape obtained during numer-
ical simulation, an autoMAC analysis was carried out (MAC analysis within a single
mode set). In the case of vibrations of a single element, an autoMAC takes the form of
a diagonal matrix. However, the considered bottom is only a fragment of a larger
structure and the vibrations of each plates of the hull are strongly coupled with each
other. Modal coupling is a general term used to indicate how much of the response, at
one modal frequency, is influenced by contributions from other modes. This phenom-
enon can be observed in Fig. 7 which shows non-zero values beyond the main
diagonal. It means that we do not observe clearly distinctive modes and the response at
any frequency is a combination of many modes.

To assess the accuracy of the FE model, the first 4 natural frequencies and mode
shapes were extracted from the analysis and compared to the experimental results. The
results are summarized in Tab. 1. The natural frequency predicted by the FE model for
the first mode is approximately 9% lower than that observed in the experiment.
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Fig. 7 AutoMAC - simulation results

Mode 2 shows similar natural frequency correlation, while mode 4 has the small-
est relative difference (1.89%).

Tab. 1 Natural frequencies

Mode | Natural frequency [Hz] NFED

Sh

N Oape Experiment | FE model [%]
1 57.98 53.18 9.03
2 67.14 72.81 8.45
3 98.27 102.5 4.30
4 113.5 111.4 1.89
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For the considered bottom plate of vehicle hull, a few lowest mode shapes are the
most important. For real objects, first mode shapes may have significant impact on
structure response exposed to both for short and long term excitations [17]. Similar
behaviour based on experimental studies was found in [7] for a vehicle structure load-
ed with explosive wave. Moreover, the first mode is considered the most important
metric for accurate structural response prediction. For this reason, it is important to
reduce the model prediction error as much as possible to match the experiment. For the
developed model satisfactory compatibility with the experiment results was achieved.

The mode shape comparison between the experiment, its interpolation and nu-
merical simulation is shown in Fig. 8. For an easier comparison, the results of
experimental studies were presented using a colour scale as in the numerical studies.
The four lowest frequencies of natural vibrations closely related to the vibrations of
the bottom plate were taken for comparison. Certainly, other resonance frequencies
were also observed during the study, but they were associated with the hull’s vibration
as a whole (including the side walls). The results presented below clearly indicate
a large convergence between the results of numerical and experimental analyses.

The quantitative indicator of the similarity of the vibrations obtained experimen-
tally and numerically is the MAC criterion. For all mode shapes the MAC reach
a value greater than 0.9 (Fig. 9). This indicates a very high degree of similarity.
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Fig. 8 Mode shape comparison between the FE model and the experiment:
a) experiment, b) interpolated from experiment, c) numerical simulation
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In order to show areas of noncompliance, distributions of differences between
vertical displacements of individual nodes obtained in experimental and numerical
studies were computed. Based on these distributions (Fig. 10, Tab. 2), it should be
stated that the maximum discrepancies between simulation results and experimental
tests do not exceed 33% (third mode shape). However, in most areas of the plates they
do not exceed 10%. The smallest disagreements were obtained for second mode shape.
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Fig. 9 MAC matrix
Tab. 2 Natural frequencies
Mode Difference
Shape MAC
No min max
1 -23.73 24.13 0.967
2 -14.15 11.58 0.972
3 -33.61 13.52 0.919
4 -29.69 32.82 0.945

5. Conclusions

This paper presented both the experimental and numerical methods to determine the
modal characteristics of a military vehicle hull. A modal test system was constructed
to perform the bottom plate’s natural frequency measurement through the ‘roving
hammer’ impact technique.

The measured natural frequencies and the FE method results showed an appropri-
ate correlation. A maximum 9% discrepancy on the natural frequencies was achieved
for a mode shape 1 while for the others the differences were smaller.

The MAC method is very useful for comparison of mode shapes vectors. For all
mode shapes, the MAC reaches a value greater than 0.9. This indicates a very high
degree of similarity.
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Fig. 10 Distributions of mode shapes differences between the FE model
and the experimental test

Distributions of relative differences between experimental and FE mode shapes
indicate the places of noncompliance, and as a consequence, they enable the improve-
ment of the model. In most areas of the plate, the differences do not exceed 10%.

For a realistic solution, the validation of FE model in terms of its modal proper-
ties, such as natural frequencies, mode shapes and response is necessary along with
basic checks of FE model in terms of its mass and stiffness distribution. The experi-
mental modal testing is one of the methods for validation of FE models.
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