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The application of modal filters for damage detection
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Abstract. A modal filter is a tool used to extract the modal coordinates of each individual mode from a
system’s output. This is achieved by mapping the response vector from the physical space to the modal space. It
decomposes the system’s responses into modal coordinates, and thus, on the output of the filter, the frequency
response with only one peak corresponding to the natural frequency to which the filter was tuned can be
obtained. As was shown in the paper (Deraemecker and Preumont 2006), structural modification (e.g. a drop in
stiffness or mass due to damage) causes the appearance of spurious peaks on the output of the modal filter. A
modal filter is, therefore, a great indicator of damage detection, with such advantages as low computational
effort due to data reduction, ease of automation and lack of sensitivity to environmental changes. This paper
presents the application of modal filters for the detection of stiffness changes. Two experiments were
conducted: the first one using the simulation data obtained from the numerical 7DOF model, and the second
one on the experimental data from a laboratory stand in 4 states of damage.
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1. Introduction

One of the groups of damage detection algorithms used in structural health monitoring is the group

of the so-called vibration methods, i.e. methods that use data in the form of accelerations of

vibrations in time or frequency domains. They are based on the observation of changes in the

system’s vibration responses, which result from damage occurrence. The methods’ main idea is

model-based diagnostics defined in the following way: the model of a particular system in an

undamaged state is given, and this model is compared to the model identified from the data measured

on the object in the current state. Differences between these two models indicate the object

modification (e.g. stiffness or mass decrease), which may be caused by damage. The most frequently

applied methods of this type include (Mendrok and Uhl 2004):

• methods based on perturbation of modal parameters (natural frequency, modal damping) ( ak, et al.

1999, Ettouney, et al. 1999, Kawiecki 2000),

• methods based on FRF (stiffness and compliance) variation detection (Agneni, et al. 2000, Lopes, et

al. 2000, Balis Crema and Mastroddi 1998),

• methods based on mode shape analysis (Maeck, et al. 1998, Ho and Ewins 1999, Wang, et al. 2000,

Ki-Young, et al. 2008), 
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• methods based on detection of energy changes in modes (Carrasco, et al. 1997), 

• methods based on Ritz vectors’ variation detection, (Sohn and Law 2000)

• methods based on detection of regression model parameters (Heyns 1997, Bodeux and Golinval 2000),

• methods based on analysis of time-frequency characteristics (Gaul and Hurlebaus 2000, Naldi and

Venini 1997)

• methods based on PCA and SVD analysis (Ruotolo and Surace 1997, Zimmerman 1999), 

• methods based on FE model updating (Fritzen and Bohle 2000, Ruotolo, et al. 2000).

A detailed description of the methods listed above, together with sample content from the literature

and verification of selected methods, can be found in Mendrok and Uhl 2004. A similar overview of the

vibration based damage detection methods can be found in the articles: Doebling, et al. 1998 and Carden

and Fanning 2004. The most convenient model, which can be applied in the described approach, is a

modal model, i.e. a set of natural frequencies, modal damping coefficients and modal vectors

describing the dynamics of the tested object. The modal model is used in methods no. 1, 3, 4 and 9 from

the above list. The modal model is relatively easy to identify and, by means of operational modal

analysis, may be identified only from response data; it is, therefore, very useful in diagnostics. The

modal parameter perturbation (natural frequency, modal damping) is the simplest application of the

modal model for damage detection. The results can be obtained from output-only data by means of

operational modal analysis. In some cases it enables damage detection, but the detection strongly

depends on object geometry, material and the nature of the damage itself. This technique does not

provide information about the location of the damage, but the biggest disadvantage of the method is

probably the fact that its effectiveness is dependent on environmental conditions. Methods based on

mode shape analysis and methods based on detection of mode strain energy changes are much more

sensitive. They can detect and locate damage at a relatively early stage, but are computationally very

expensive. Methods based on FE model updating are used when there is no reference data (for

undamaged structures) for comparison or when one wants to identify the type of damage caused. It

requires an updated FE model of the monitored object and is also very time consuming.

Summarizing the above brief description of the methods, application of modal model-based

diagnostics within damage detection has several limitations and faults. First of all, there is a serious

problem distinguishing between the changes in parameters resulting from damage and those caused

by environmental changes e.g. temperature or humidity. The changes in ambient temperature for

civil engineering objects (bridges, viaducts, masts, tall buildings) may reach even tens of degrees in a

relatively short period of time. It results in further changes in stiffness and finally in modal parameter

variation. This effect is multiplied when the object is unevenly heated – e.g. when one side is

exposed to the sun and the other is kept at a constant temperature due to its proximity to water. The

influence of humidity variations is similar – concrete elements absorb moisture and this leads to

increases in their mass and variations in modal parameters. Naturally, there are methods which

enable the influence of environmental changes on the diagnostic procedure accuracy to be

eliminated. In most applications, a lookup table is prepared in which modal parameters identified for

different ambient temperatures and values of humidity are gathered together. Such a table is unique

and independently prepared for every object as a result of a set of experiments. A more sophisticated

method of eliminating the influence of weather conditions on the monitoring system’s efficiency is

application of an environmental filter (Peeters, et al. 2000). It is generally an autoregressive model

with a moving average (ARMA) identified from a set of experimental data. When environmental

changes are eliminated in this way, any modification of the object (e.g. lining another asphalt layer
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on a bridge deck) causes the necessity to repeat the entire set of measurements, to update the lookup

table or the environmental filter.

A further limitation of modal model-based diagnostics involves difficulties with the automation of

procedures. Despite the current development of autonomous modal analysis procedures in many

scientific centers, the total independence of an engineer’s interference is still problematic in practice.

Additionally, diagnostic symptoms in the form of natural frequencies, modal damping coefficients

and modal vectors are estimated periodically, and depend on the subjective assessment of a testing

team.

There is also a method which uses vibration data as well as a modal model of the object and, in

addition, enables damage to be distinguished from environmental influences. This is the advantage of

modal filtering applied to the data recorded on the object. 

The modal filter was used for the first time for damage detection and structural health monitoring by

Shelley and Slater in 1993. They developed an approach to monitoring the health of a smart structure

with sensor and actuation capability. Their approach is an integrated control and monitoring procedure

whereby the sensors, which are assumed to be distributed spatially across the structure, are processed

by a set of modal filters which automatically track the modal coordinates of specified modes, and

similarly track changes in modal parameters (Shelley, et al. 1992). The adaptive modal filter is formulated

and used to track the time varying behavior of the specified modes, thereby indicating the health of the

structural system. The adaptive modal filter is insensitive to failures or calibration shifts in individual

sensors and automatically ignores failed sensors. It can also be used to detect disturbances entering the

system as well as to identify failed actuator locations. 

A different approach to applying modal filtration to damage detection can be seen in Gawronski and

Sawicki 2000. They use modal norms, calculated as Frobenius norms from the 1DOF frequency response

functions (FRFs), as a damage indicator. 1DOF FRFs are obtained from the system characteristics by

filtering them with a modal filter. The norms are calculated for each mode shape and for each

measuring location, and then compared to their equivalents for an undamaged system. The method

formulated in this way enables damage to be detected and localized. 

Another way of applying modal filters in damage detection can be found in El-Ouafi Bahlous, et al.

(2007). The suggested approach requires vibration data of the system in the undamaged and current

stage along with an FE model parameterized by means of specified damage parameters. The modal

filter with an asymptotic local approach is used to compute an improved, normally distributed residual.

The covariance, mean and sensitivity of this residual are used for the generalized log-likelihood ratio

test which enables damage to be detected. 

One more way of using modal filtering for structural health monitoring is presented by Deraemaeker

and Preumont in 2006. The frequency response function of an object filtered with a modal filter has

only one peak corresponding to the natural frequency to which the filter is tuned. When a local change

occurs in the object – in stiffness or in mass (this mainly happens when damage in the object arises), the

filter stops working and, on the output characteristic, other peaks start to appear, corresponding to other

imperfectly filtered natural frequencies. On the other hand, a global change in entire stiffness or mass

matrix (due to changes in ambient temperature or humidity) does not corrupt the filter and the filtered

characteristic still has one peak, although it is slightly moved in the frequency domain. Such an

approach has also been applied in this paper, but the authors have added the pre- and post-processing

algorithms to make the method more useful for experimental data. A different way of interpreting

results is also presented. 
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2. Modal filters

The modal filter is a tool to extract the modal coordinates of each individual mode from the system

outputs by mapping the response vector from the physical space to the modal space (Zhang, et al.

1990). It was first introduced by Baruh and Meirovitch in 1982 to overcome the spill-over problem

within control of distributed parameter systems. Spill-over is a phenomenon in which the energy

addressed to the controlled mode is pumped into the uncontrolled modes.

The construction of the r-th modal filter, which corresponds to r-th pole of the transfer function H(ω),

starts with the assumption that the modal residue Rrpp is in the imaginary form:

(1)

Next, the 1 DOF frequency response function Hpp(ω) is determined as follows:

(2)

where: λr - r-th pole of the system.

For the given frequency range, the above FRF is determined by the k values:

(3)

Assuming that a single excitation was used and the response signals were measured in N points, the

experimental frequency response function matrix can be presented as the k × N matrix:

(4)

The FRF matrix formed in this way is used to determine the reciprocal modal vector matrix Ψp:

(5)

where: + - denotes a pseudo-inverse of the matrix

Reciprocal modal vectors should be orthogonal with respect to all the modal vectors except the one to

which the filter is tuned, and, thanks to that, are applied to the decomposition of the system responses to

the modal coordinates ηr.

(6)

where: φr - r-th modal vector

      {x(ω)} - vector of system responses.
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Now, scaling the modal coordinates ηr by the known input, it is possible to determine the FRF with

all peaks, except r - th, filtered out.

3. Influence of damage and environmental changes on modal filters

Let us consider a dynamic system with proportional damping described by the equation of motion

given in the matrix form:

(7)

where: M, C, K - mass, damping, stiffness matrices respectively,

C = c1 · M + c2 · K, c1, c2 - real constants

f - excitation forces vector

The modal model of the system given in Eq. (7) may be determined by solving the generalized

eigenvalue problem formulated as follows (Uhl 1997):

(8)

As was shown in the previous section, the modal filter uses reciprocal modal vectors to decompose

system responses on the components connected with consecutive modes. This happens because the r-th

reciprocal modal vector ψr is orthogonal to all modal vectors except r-th. When damage occurs in the

object, it results, in most cases, in a local drop of stiffness. The stiffness matrix is different and both

eigenvalues (natural frequencies and modal damping coefficients) and eigenvectors (modal vectors) are

changed. It also means that the reciprocal modal vectors obtained for the undamaged object are not

perfectly orthogonal to the modal vectors and, consequently, the modal filter does not perfectly isolate

the influence of other modes from the system response. So why don’t environmental changes, such as

temperature or humidity variations, affect the modal filter in this way? Let us now imagine that the

temperature around the object increases and, due to that, the Young modulus of the object material

decreases by a particular value. If we consider an ideal case, where the entire object has the same

temperature and is made of a homogeneous substance, the change in the stiffness matrix can be defined

as follows:

(9)

where: Kt - stiffness matrix for higher temperature,

         α - coefficient relating stiffness changes to temperature

By solving Eq. (8), it is possible to obtain the diagonal matrix Λ containing the eigenvalues and

matrix Φ of modal vectors. With such a solution the generalized eigenvalue problem for the undamaged

system can be written down in the following form:

(10)

Since the mass matrix M is square and invertible, the generalized eigenvalue problem can be presented

as a standard eigenvalue problem:
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(11)

The same equation can be formed for the system at higher temperatures:

(12)

where: modal parameters for the system at higher temperatures are denoted with the index t

Dividing Eq. (11) by (12), and performing some simple mathematical operations, it is easy to derive

the following:

(13)

Placing Eq. (13) into (12) and comparing it with (11), it is immediately visible that:

(14)

And this guarantees the further operation of the modal filter, i.e. there are no additional peaks on the

filtered characteristic.

The assumption of a homogeneous change of temperature in the monitored object is, of course, due to

the geometrical and material properties of the object. Additionally, the position and orientation of the

object with respect to the heat source will disturb this assumption. The level of influence of the ambient

temperature on modal filtration will be investigated in the following sections of the paper.

4. Diagnostic procedure for output-only data

As was already mentioned, the modal filter has great potential as a tool for structural health

monitoring. Having a modal filter tuned to a system with no damage, it is possible to filter the FRFs of

the object for the current state. The filtered FRFs are then tested for the existence of other peaks

corresponding to the filtered mode shapes, with some maximum detection procedure. There are a

number of peak picking algorithms, but for this type of application a method based on wavelet filtering

seems to be the most suitable. Such a peak picking method would not only allow peak detection, but

also peak recognition and differentiation between structural peaks as a result of imperfect modal

filtration as well as operational peaks as a result of harmonic excitation. However, thorough and final

evaluation of the peak detection methods remains a prospect for future research. Now, if the peaks from

the other modes appear in the filtered FRFs, it means that some damage has occurred in the object.

However its application to object diagnostics requires the solution of a few problems. First of all, the

procedure deals perfectly only with FRFs. Naturally, modal filters also filter out the system response

spectrum, but only from the peaks arising from structural vibration, not those coming from excitation.

So the method based on the modal filter and maxima detection would work only for objects excited

with white noise, which is not very common in everyday use. On the other hand, the application of

FRFs requires active testing, i.e. testing with controlled and measured excitation. This is very inconvenient

as, in order to perform active testing, the object operation must first be stopped. It is difficult to assume

that operation of an object like a bridge or a turbo-generator will be stopped every hour and excited

with some special equipment. The cost of such a monitoring system would be enormous. It is then

obvious that the system has to work only with operational output data. Another problem is that the

M
1–

K–( ) Φ⋅ ⋅ Φ Λ⋅=
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modal filter does not work perfectly when noise appears in the measuring data. The maximum detection

procedure is then not enough to fully automate the structural health monitoring system. An attempt to

solve both of these problems is presented in Fig. 1.

To overcome problems with imperfectly filtered peaks which even appear in the reference data, the

authors decided to use the damage index DI given by Eq. (15) instead of the peak picking algorithm.

(15)

where: s - starting frequency of the analyzed band,

 f - closing frequency of the analyzed band

xi - characteristic in the current state

xref - characteristic in the reference state

The DI is calculated for the entire frequency range of interest. If some additional peaks occur on the

filtered characteristics this will be more clearly visible on the DI than when peak picking is applied,

DI

xi ω( ) xref ω( )–
2

ωs

ω f

∫ dω

xref ω( )2dω
ωs

ω f

∫

-----------------------------------------------------=

Fig. 1 Block diagram with damage detection procedure
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because the influence of all unfiltered maxima will be cumulated.

As presented in the block diagram in Fig. 1, modal filtering and the next damage index calculation are

performed on the synthesized FRFs. The FRFs are synthesized from the operational modal model

obtained for the object in the current state and rescaled with the scaling factors identified during the

initial active experiment conducted on the object with no damage. The effectiveness of the FRFs

synthesized in this way for the force identification purposes was shown in Mendrok and Uhl 2006. The

initial test results are also used for the modal filter formulation as the object has no damage and refers to

environmental conditions. Next, the synthesized FRFs are filtered with the modal filter and the DI is

calculated. 

5. Numerical example

Firstly, the authors decided to test the procedure on the data from numerical simulations. Two

simulations were performed on two different models. The first simulation was performed on the simple

7 DOF model to check the correctness of the mathematical proof from Section 3. That is why the model

was very simple, the temperature loading was homogeneous, and no thermal expansion was considered.

The model is presented in Fig. 2. 

The following notation was used: the stiffness between mass i and j - kij, the damping coefficient

between mass i and j - cij. Proportional damping was applied while the modal filter works only for the

normal modal vectors. 

Fig. 2 Simulation system scheme

Physical parameters established for the model are gathered together in Table 1.
Table 1 Simulation model parameters

Mass [kg] m1 

= 5; m2 

= 1; m3 

= 1; m4 

= 1; m5 

= 4; m6 

= 2; m7 

= 2;

Damping coefficients [N s/m] c01 

= 26.6; c12 

= 5; c13 

= 5; c14 

= 5; c25 

= 4.95; c35 

= 5; c45 

= 5; c56 

= 9; c57 

= 9;

Stiffness coefficients [N/m]
k01 = 80000; k12 = 15000; k13 = 15000; k14 = 15000; k25 = 14800; k35 = 15000; 
k45 = 15000; k56 = 27000; k57 = 27000
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In order to determine the analytical model of the established system, its equation of motion was

formed in the following matrix form:

(16)

For Eq. (16), the eigenvalue problem was solved assuming zero initial conditions for displacements and

velocities. As a result, seven conjugated pairs of the system eigenvalues were obtained. On their basis,

the modal parameters were calculated: natural frequencies, damping coefficients (presented in Table 2)

f{ } M[ ] x··{ }⋅ C[ ] x·{ }⋅ K[ ] x{ }⋅+ +=

Table 2 Modal parameters of the simulation model

MS no. Natural frequency [rad/sec] Modal damping coefficients

1 41.73 0.0069

2 118.32 0.0194

3 123.27 0.0288

4 172.81 0.0288

5 173.20 0.0289

6 174.30 0.0253

7 216.37 0.0360

Fig. 3 Output of modal filter for theoretical example
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and modal vectors. 

Next, Mass No. 3 of the model was excited with a band noise signal of the frequency range 0 - 256

rad/sec. The response in all masses was then calculated and, with the use of an Hv estimate (Uhl 1997),

the frequency response functions were computed. In the next step, the reciprocal modal vectors were

calculated, i.e. the modal filter was formulated. 

To check the mathematical proof correctness, two modifications were applied to the system. First, the

stiffness k01 was decreased by 5% to model damage. Next, all stiffness values were decreased by 5% to

model a change in ambient temperature. No noise was added to the data. The results of both tests are

presented in Fig. 3. The results for the modal filter output set were similar to all mode shapes, and to

save space, only one of them is presented in the paper. The next step was to repeat both tests but with

noise added to the excitation and response signals. The noise had a uniform distribution, mean value

equal to zero and amplitude equal to 10% of the corrupted characteristic amplitude. The results of the

tests with noise data are presented in Fig. 4. The presence of noise means, as was already mentioned,

that the filter stops working even for the data with no damage, but the amplitude of unfiltered peaks is

lower for both undamaged systems and systems with different temperature than for systems with only

5% damage. Because, in physical applications, the measurements are always subject to noise, a peak

Fig. 4 Output of modal filter for theoretical example - noisy data
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picking procedure applied on filtered system characteristics for the damage detection is insufficient.

Therefore, the authors decided to replace it with the damage index given by Eq. (15). 

The second part of simulation verification was performed on a more realistic model. The model had a

complex geometrical shape, was non-homogeneous (steel - aluminum), had realistic boundary conditions

and thermal expansion was included. The main goal of this simulation was to investigate the influence

of different temperature loadings on the modal filtration and to compare it with the effect of damage.

First, the 3D model was performed in MSC.Patran and meshed with 10k hex-8 elements (the no. of

nodes - approximately 14k). The obtained model is shown in Fig. 5.

In order to investigate the damaged frame behavior, a horizontal beam crack was modeled as node

disconnectivity. There were two crack stadiums - 5% and 10% of the cross section area modeled. The

material properties applied to the model are listed in Table 3. 

Because the Young modulus varies with temperature, additional temperature-dependent material

properties were applied. The material properties of aluminum were applied only to the horizontal beam.

To take into account temperature-dependent material properties, each design scenario was carried out in

Fig. 5 Finite element model used for simulations

Table 3 Material properties selected for simulation

Steel (20°C) Aluminum 20 oC)

Young modulus (E) [MPa] 2.1·105 0.69·105

Poisson’s ratio 0.3 0.33

Density (ρ) [g/cm3] 7.85 2.71

Thermal expansion coefficient (k) [1/K] 1.5·10-5 2.35·10-5

Thermal conductivity [W/m*K] 47 193

Specific heat capacity [J/kg*K] 420 880
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two sub-stages; first - coupled mechanical-thermal analysis to obtain the temperature distribution,

second - normal mode analysis. The analyzed cases are listed in Table 4. 

The modal model obtained for the first scenario was chosen as the reference one. The FRFs obtained

from the consecutive simulations were modal filtered and the results of this filtration are in Figs. 6 and 7.

Fig. 6 Results of modal filtration - modal filter set to mode shape No. 1

Fig. 7 Results of modal filtration - modal filter set to mode shape No. 2

Table 4 Simulated scenarios

No. Tempera-ture load [oC] Heating case Frame state

1 20 Uniform temperature Without crack

2 20 Uniform temperature 10% crack on upper beam

3 50 Upper beam heating (30 s) Without crack

5 50 Local heating of the right vertical bar (30 s) Without crack

7 50 Uniform temperature Without crack

8 -10 Uniform temperature Without crack
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The best (modal filter set to Mode Shape 3) and the worst cases were chosen for result presentation. It

can be seen that in the more realistic conditions the ambient temperature disturbs the modal filter.

However its influence even for a 60 oC difference between the lowest and highest temperatures is less

than or comparable to the influence caused by relatively small damage. Additionally, the non-homogeneous

distribution of the temperature field (heating the model from the top) did not introduce evident

worsening of the method's efficiency. The worst case was for local heating. Here its effect on modal

filtration was (for some modes) greater than the effect of the considered 10% damage. On the other

hand, such local heating can also be interpreted as an emergency situation and its indication by the

monitoring system could be considered as positive. Nevertheless, to be sure that the diagnostic system

works properly, it would be advisable to build a bank of modal filters identified for different ambient

temperatures and equip the diagnostic system with a temperature sensor.

Finally, it is worth mentioning that the best indication of damage occurred in the modal filters tuned

to the mode shapes in which the modeled crack opened during deflection.

6. Measuring data example

The laboratory stand used for experimental validation of the proposed structural health monitoring

procedure consists of a steel frame excited with an electrodynamic shaker. Vibrations were measured

by accelerometers placed on the frame. A photo of the test setup without sensors and measuring

equipment is presented in Fig. 8, and the network of measuring points is presented in Fig. 9. The frame

Fig. 8 The test setup (photograph)

The damage index values calculated for all the experiments are in Table 5.
Table 5 Damage index calculated for performed experiments

No damage, 
temp.
-10 oC

No damage, 
temp.
50 oC

No damage, 
temp. 50 oC 
(top-heated)

No damage, local 
vertical bar heating 

temp. 50 oC

Damage 10%, 
temp. 
20 oC

Damage index value 
(modal filter set to MS no. 3)

1.1103 3.1233 2.0602 4.2349 3.6607

Damage index value 
(modal filter set to MS no. 10)

0.9962 1.0042 1.0023 1.0028 9.1829
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has been tested for different damage size. Damage in the frame has been introduced by nicking the

upper bar at the measuring point 7. 
• There were 4 modal tests carried out for different damage sizes:
• TEST 1 for an undamaged structure,
• TEST 2 for damage at point 7 with a 5 mm-deep gash (12 %),
• TEST 3 for damage at point 7 with a 14 mm-deep gash (35 %),
• TEST 4 for damage at point 7 with a 20 mm-deep gash (50 %).

Unfortunately, there are no data available for measurements taken at a different ambient temperature,

so the SHM procedure could be tested only for damage detection. 

In the course of each experiment, time histories of the excitation force and accelerations of vibrations

at each measuring point were recorded. As was established in the procedure, the data from Test 1 were

used to estimate scaling factors and reciprocal modal vectors; naturally, they were also reference data

for the undamaged object. Table 6 presents the obtained modal parameters.

Table 6 Modal parameters of the laboratory stand

MS no
Test 1

N. f. [Hz] Modal d.c.%

1 10.825 7.01

2 43.634 1.53

3 54.521 1.99

4 109.487 1.39

5 120.737 1

6 161.703 0.7

7 206.269 3.01

8 228.735 1.23

Fig. 9 Tested structure scheme - laboratory model of a frame
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For the data from Tests 2 - 4, only output accelerations were used to estimate operational modal

vectors. The modal vectors were then rescaled and used for FRFs synthesis.

Next, the FRFs were filtered with the modal filter formed for the undamaged object data. The results

of filtering different damage level data are presented in Figs. 10 and 11.

As presented in the figures, the modal filters tuned to Mode Shapes 2 and 5 were chosen. The

procedure was able to successfully detect all stages of damage starting from the smallest one (12% of

the cross-section). Interestingly, for some mode shapes, the smallest damage provided higher peaks

than damage at the level of 35%. Modal filtration with the use of modal filters tuned to other modes did

not provide such clear results, especially for the smallest level of damage. This is due to the fact that not

Fig. 11 Output of modal filter for laboratory tests - modal filter tuned to mode shape No. 5

Fig. 10 Output of modal filter for laboratory tests - modal filter tuned to mode shape No. 2
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all mode shapes were disturbed by the damage considered in the experiment. However, for different

types of failure, different modal filters would work more efficiently, which is why it is reasonable to

analyze all the modal filter outputs from a given frequency range. The same data were used for

testing several damage detection methods described in the literature. If one wants to compare the

results obtained for modal filters with the efficiency of other methods, a description of performed

analysis can be found in Mendrok and Uhl 2004. It is however worth noting that, from the vibration-

based methods tested in the mentioned paper, the best results were obtained wherever the mode

shapes were considered in the analysis, that is: testing of the correlation between modal vectors

(MAC or CoMAC), analysis of mode shape curvature, and analysis of the deformation energy for

particular natural vibration modes.

Additionally, the influence of temperature was investigated experimentally. The same testing object

was used, but due to the fact that this test was performed some time later, it was slightly modified. The

upper bar of the frame was replaced with a new one and the position of the steel boxes (see Fig. 5) was

different. The reference measurements were performed at the ambient temperature 22 oC. Next the

temperature in the laboratory was lowered to 4 oC and, after a period which guaranteed that the frame

Fig. 12 Output of modal filter for laboratory tests (different ambient temperature) - modal filter tuned to mode
shape No. 2
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had the ambient temperature, the FRFs of the object were recorded. Similar measurements were taken

at the laboratory temperature 30 oC. The diagnostic procedure with use of modal filtration was repeated

and its results are presented in Figs. 12 and 13.

The results are shown for the Mode Shapes 1 and 5. It can be seen that the temperature influence on

modal filtration is not as significant as the influence of damage in the previous experiment. For other

modes there could be a problem with distinguishing between slight damage and temperature change. In

Table 7 the damage index values calculated for all the experiments are placed. 

Fig. 13 Output of modal filter for laboratory tests (different ambient temperature) - modal filter tuned to mode
shape No. 5

Table 7 Damage index calculated for performed experiments

No damage, 
temp. 4 oC

No damage, 
temp. 30 oC

Damage 12%, 
temp. 22 oC

Damage 35%, 
temp. 22 oC

Damage 50%, 
temp. 22 oC

Damage index value 
(modal filter set to MS no. 1)

0.214 0.178 0.847 2.483 59.03

Damage index value
(modal filter set to MS no. 5)

0.171 0.175 1.362 4.450 521.234
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7. Conclusions

The paper presents the procedure of damage detection based on modal filtering and FRF synthesis. The

procedure was tested on data from the numerical example and, later, on data measured in the course of a

laboratory experiment. The approach was successful for both of these tests, but the ambient temperature

influence on the procedure was greater than had been expected. The necessity of applying FRFs as filtered

characteristics was proposed to make the procedure independent from excitation. It, however, increases

the computational cost of the procedure because the operational modal analysis and FRF synthesis have to

be performed every single time. The application of an autonomous algorithm for modal analysis

(Lisowski 2006) enables the procedure to work almost completely automatically. The authors plan to

improve the method to allow for damage location and test it on real civil engineering structures.
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