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Abstract: - This paper presents a new approach regarding corrosion assessment in beam-like structures 
based on the frequency shifts. Uniform corrosion is targeted in this research, which had the aim to find 
damage corrosion signatures from the vibration response. The effect of mass loss and stiffness decrease 
upon the natural frequencies of beams due corrosion are presented in form of mathematical relations. 
Afterward, modal analysis by means of the ANSYS program was performed for intact structures and 
structures with corrosion simulated as loss of material. Experimental modal analysis on test structures using 
a noncontact excitation method was also made to extract the natural frequencies. For the real structures 
corrosion was simulated by cutting on a vise machine. The results achieved by the three methods coincide, 
proving the reliability of the mathematical relations and that these can be used to define signatures 
applicable to detect corrosion in large structures. 
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1. INTRODUCTION 
 

Corrosion is the phenomenon associated with 
material deterioration by chemical interaction with its 
environment. The term corrosion generally refers to 
metals, but is sometimes also used to designate the 
degradation of wood, plastics or concrete [1].  

The interest for the corrosion problems has been 
increasing in last decades, because of the numerous 
metallic structures functioning worldwide for many 
years [2-4]. Concerns regarding pollution of water 
and air increase the importance of corrosion 
assessment and remaining useful life prediction [5].   

The aspect of the affected region for different 
corrosion types is indicated in [6-8]. A number of 
corrosion types affect the material surface and are 
detectable by visual methods. Dissimilar, corrosion 
propagated inside the materials is ‘invisible” and need 

special detection methods. However, for large 
structures visual inspection is difficult and global 
methods for structural health assessment are 
requested. This makes the vibration-based methods 
suitable for detection of large corroded structure 
regions [9-11]. 

In prior research we derived relations to 
characterize the dynamic behavior of beams and 
plates with transverse cracks [12,13], developed an 
algorithm to precisely extract frequencies from 
vibration signals [14,15] and compare the damage 
signature with a database containing damage location 
indexes [16]. In this paper, the focus is to find proper 
corrosion signatures and a way to contrive corrosion 
damage scenarios using an analytic approach. To this 
aim, we test contrived mathematical relations against 
results achieved by the finite element method (FEM) 
and experiments. 
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2. MATERIALS AND METHODS 
 

The specimen subjected to the analysis is a 
prismatic beam fixed at the left end and free at the 
right end, having the length 1000mmL  , the width  

50mmB   and the thickness 5mmH  . Therefore, 

in the intact state it has the moment f inertia I and the 
cross-sectional area A. It is made of steel with 
volumetric mass density 37850 kg/m  and the 

Young’s modulus 11 22 10 N/mE   .  
 
 
 
 
 
 
 

Figure 1. Model of the clamped beam with a uniform 
corrosion on the segment between the limits a and b  

 
Corrosion is simulated as a lack of material 

manifested on one of the beam faces, thus 
asymmetrically, as shown in Figure 1. Three levels of 
corrosion, reducing progressively the cross-section 
with 0.5 mm, 1 mm and 1.5 mm, are considered. The 
corroded segments have reduced cross-sections AC 
and moments of inertia IC that depend on the 
corrosion level. We consider that the Young modulus 
E remains unaffected. The uniform corrosion is 
extended on the beam segment having the limits a and 
b chosen as follows: 

- 100mma   and 150mmb   for the beam 4-B1; 

- 300mma   and 400mmb   for the beam 4-B2; 

- 600mma   and 650mmb   for the beam 4-B3; 

- 900mma   and 950mmb   for the beam 4-B4. 

Modal analysis using finite element method is 
done in ANSYS. In order to ensure high precision, 
hexahedral elements with the maximum edge 
dimension of 2 mm are used. 

The experimental modal analysis is performed on 
the specialized test bench shown in Figure 2. It 
ensures a proper fixing of the clamped end and holds 
the beam in a position in which its frequencies are not 
affected by the dead mass. The beam is excited using 
sound pressure, produced via a signal generator, 
amplifier and low-frequency loudspeaker. Vibration 
signals were acquired, stored, and processed using an 
algorithm described in [15].  

The frequencies obtained employing the three 
methods are compared and congruence of the results 
tested in order to prove the reliability of the contrived 
mathematical relations expressing the frequency 
shifts due to changes of the beam geometry. 

 
Figure 2. Test bench with clamped beam and the 

loudspeaker oriented to the beam’s free end 
 
The final step was to design corrosion signatures. 

We presumed that corrosion signatures can be defined 
in a similar way as damage signatures. This should 
generalize the damage detection method developed 
for transverse cracks, making it proper for extended 
damages as uniform corrosion or ware.   

 
3. ANALYTICAL APPROACH 
 

We know from prior research that the influence of 
mass loss upon the frequency shift is proportional 
with the square of the transversal displacement 
performed by a beam slice for a given mode [17]. This 
happens because the mass is related to the kinetic 
energy by the squared velocity and the velocity is 
proportional with the transversal displacement since 
the time for one cycle in a given mode is the same for 
all beam slices. This lead to the mathematical relation  
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m if   is the natural frequency of the beam with 

reduced mass in the corroded segment a-b for the i-th 
transverse vibration mode (by maintaining the 
stiffness unchanged); 
m A  is the distributed mass for the intact beam 

C Cm A  is the distributed mass for the corroded 

beam segment; 

i  is the dimensionless wave number 

( )i x  is the beam deflection at distance x from the 

fixed end for the i-th transverse vibration mode, 
expressed by the well-known relation  
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In Eq. (3), the coefficient i  is derived as:   
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 The potential energy stored in a beam slice is 
proportional with the square of the mode shape 
curvature [18]. Thus, the frequency of a beam with a 
segment having reduced thickness is expressed   
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where ( ) ( )x x   is the curvature at distance x 

from the fixed end. Eq. (5) is valid if the beam 
maintains its mass and just a stiffness decrease occur. 
If both stiffness and mass are affected, i.e. the case of 
the uniform corrosion, the natural frequency is found 
as:  

( , , ) ( , , )c i i C Cf f a b m a b m                (6) 

where the terms ( , , )Ca b m  and  ( , , )Ca b m  are the 

root squares in Eq. (1) and Eq. (5), respectively. In a 
more comprehensive form, the frequencies of the 
corroded beam are expressed as: 
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We found the natural frequencies for the intact and 
corroded beams employing Eq. (7). Obviously, for 
the intact beam the square roots take the values 

( , , ) 1Ca b m   and  ( , , ) 1Ca b m  . The results for 

both intact and corroded beams are presented in 
Tables 1-4.  

 
Table 1. Calculated natural frequencies for beam 4-B1 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0769 3.9794 3.8347 3.6279
2 25.9424 25.7925 25.5847 25.3245
3 71.5111 71.5659 71.5245 71.5522
4 140.1904 140.0885 139.9934 139.6958
5 231.7418 230.9758 229.6469 227.0693
6 346.1823 343.9606 340.6877 335.7921

 
Table 2. Calculated natural frequencies for beam 4-B2 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0769 3.9971 3.8849 3.7025
2 25.9424 25.7388 25.4568 25.0509
3 71.5111 70.3866 68.9676 67.4006
4 140.1904 139.8302 139.3412 137.3156
5 231.7418 228.3084 224.0791 220.3636
6 346.1823 341.5921 336.3185 331.4732

 

Table 3. Calculated natural frequencies for beam 4-B3 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0769 4.0820 4.0863 4.0688
2 25.9424 25.6247 25.1073 24.2862
3 71.5111 70.7730 69.6763 68.2653
4 140.1904 140.0811 139.8935 139.5460
5 231.7418 229.1430 225.4951 220.7567
6 346.1823 344.6295 343.1081 340.8471

 
Table 4. Calculated natural frequencies for beam 4-B4 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0769 4.1095 4.1509 4.1768
2 25.9424 26.0406 26.1373 26.2933
3 71.5111 71.5827 71.5938 71.6007
4 140.1904 139.9318 139.5198 138.9858
5 231.7418 230.8399 228.4942 225.6960
6 346.1823 343.9223 338.8166 331.5007

 
It is remarkable that the corroded beam frequency 

can be found if the mode shapes and subsequently the 
curvatures of the intact beam and the damaged region 
are known. Also, it worth mentioning that Eq. (7) can 
be employed for any beam support types just by 
choosing the proper mode shape relation and setting 
suitable values of the wave numbers i .  

 
4. FEM SIMULATIONS 
 

The natural frequencies derived via modal 
analysis are presented in Tables 5-8.  

 
Table 5. Frequencies derived from FEM for beam 4-B1 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0900 3.9875 3.8410 3.6326
2 25.6273 25.4715 25.2580 24.9742
3 71.7567 71.7924 71.8059 71.7855
4 140.6316 140.6329 140.5214 140.2566
5 232.5272 231.6318 230.2289 228.2341
6 347.4627 344.9875 341.6133 337.4156

 

Table 6. Frequencies derived from FEM for beam 4-B2 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0900 4.0094 3.8907 3.7145
2 25.6273 25.4307 25.1123 24.6402
3 71.7567 70.6731 69.2473 67.5054
4 140.6316 140.2743 139.660 137.2941
5 232.5272 229.0940 225.0829 220.6993
6 347.4627 342.7974 337.8073 335.5348
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Table 7. Frequencies derived from FEM for beam 4-B3 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0900 4.0933 4.0928 4.0855
2 25.6273 25.2992 24.7850 23.9871
3 71.7567 71.0170 69.9363 68.4275
4 140.6316 140.5204 140.3401 140.0564
5 232.5272 229.9650 226.4554 221.9536
6 347.4627 346.1009 344.2683 341.9256

 
Table 8. Frequencies derived from FEM for beam 4-B4 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0900 4.1233 4.1575 4.1924
2 25.6273 25.7330 25.8415 25.9515
3 71.7567 71.8295 71.8698 71.8452
4 140.6316 140.3407 139.8166 138.8621
5 232.5272 231.3100 229.3213 225.9649
6 347.4627 344.6758 340.0364 332.9087

 
The frequencies derived from the FEM analysis fit 

those achieved from calculus, meaning that the 
proposed Eq. (7) is suitable to evaluate the frequency 
changes due to corrosion. Employing this relation, the 
natural frequencies for numerous corrosion scenarios 
can be easily found and used as benchmarks in 
corrosion assessment. 
 
5. EXPERIMENTAL MODAL ANALYSIS 
 

The results obtained from the experimental modal 
analysis are indicated in Tables 9-12.  
 

Table 9. Measured natural frequencies for beam 4-B1 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0970 3.994 3.8599 3.6239
2 25.9531 25.8370 25.6475 25.1033
3 72.0343 72.0985 72.1395 72.0798
4 141.0708 141.0570 141.2090 140.1000
5 233.4162 232.5910 230.6080 227.6490
6 348.8815 346.4460 342.0944 337.5400

 
Table 10. Measured natural frequencies for beam 4-B2 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0440 3.9661 3.8617 3.6805
2 25.4727 25.2611 24.9598 24.6380
3 72.5060 71.3439 69.9739 68.0254
4 143.2311 142.6392 141.9065 139.9126
5 235.1570 231.5180 227.5700 223.2002
6 350.7516 346.0870 341.2060 335.8406

 

Table 11. Measured natural frequencies for beam 4-B3 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0624 4.0683 4.0780 4.0509
2 25.8239 25.5269 24.9721 24.1561
3 73.0958 72.3050 71.3083 70.0260
4 142.9460 142.8286 142.6600 142.3420
5 236.6008 233.9971 230.1244 225.4910
6 353.5772 352.0016 350.5000 348.2590

 
Table 12. Measured natural frequencies for beam 4-B4 

Vib. 
mode 

Damage depth [mm] 
0 0.5 1 1.5

Frequency [Hz] 
1 4.0613 4.1040 4.1369 4.1749
2 26.0757 26.1161 26.1991 26.4080
3 72.0175 72.0245 72.1717 72.0770
4 141.2410 140.9740 140.5330 139.9840
5 234.0644 233.0630 230.7148 227.1652
6 348.7590 346.2990 341.3264 334.2660

 
To obtain consistent data, the results presented in 

this section are found as the average of five 
measurements. However, good repeatability was 
achieved because of the advanced acquisition and 
processing technique involved in the modal analysis. 

Comparing the results with those obtained 
analytically and by means of the FEM, one observes 
the good concordance. In consequence, the reliability 
of the proposed mathematical relations is totally 
confirmed. 
 
6. CORROSION SIGNATURES AND 
THEIR USE IN DAMAGE ASSESSMENT 
 

It was shown that the vibration response for beams 
with uniformly corroded segments can be easily 
predicted if the corrosion depth and the corroded 
segment limits are known. This makes proper using 
the Corrosion Indicator (CI), analytically contrived 
from the frequency changes described by Eq. (7), as 
a pattern characterizing the damaged area. The CIs 
are found in a similar way as the Damage Location 
Indicators [14], just that for the CIs the depth and 
location are concomitantly considered.  

The procedure to design a CI follows the rule: 
1. Calculate the frequency if for the intact beam; 

2. Define the corrosion by setting a, b and mC; 
3. Calculate the frequency c if   for the corroded 

beam; 
4. Define the number n of transverse vibration modes 
to be considered in the detection process; 
recommended value 6 10n  ; 
5. Calculate the relative frequency shifts 

( ) /i i c i if f f f    for the n modes; 
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6. Find the biggest value in the sequence calculated in 

step 5, as  1
ˆ max ... nf f f    ; 

7. Find the Corrosion Indicator Coefficients by 
normalizing the relative frequency shifts by the value 

found in step 6, as  ˆ/i if f    . 

  Performing these steps, the CI results as a vector 
of the form  1CI : ... n  , where i takes values 

between -1 and 1 due to normalization. 
It is possible to contrive a CI for any corrosion 

scenario, consequently to develop a database that 
contains a multitude of patterns reflecting the specific 
dynamic behavior of corroded beams. The CI found 
from measurements is called Corrosion Signature 
(CS). Comparing the CS with a multitude of CIs 
contained in the database, one can find that best fit the 
CS. The parameters a, b and mC of the identified CI 
characterize the corrosion dimension and location.  
 

 

 

 

Figure 3. Corrosion Indicators for the beam 4-B1 
 

Figure 3 present the CIs for beam 4-B1, found 
from the values indicated in Tables 1, 5 and 9. One 
can observe that the correspondent coefficients are 

quite similar irrespective to the method how of the 
frequencies were found.  
 

 

 

 

Figure 4. Corrosion Indicators for the beam 4-B4 
 
The same conclusion can be drawn if reviewing 

Figure 4, which illustrates the case of beam 4-B4 with 
corrosion on a segment near to the free end. Here, the 
effect of the loss of mass is relevant, while the 
stiffness decrease has low impact because the energy 
stored in that segment is insignificant.  
 
7. CONCLUSIONS 

 
The paper introduces a Corrosion Indicator that 

reflects, in form of a mathematical relation, the modal 
parameter changes in respect to the position and depth 
of the corroded beam segment. This mathematical 
relation is valid for any beam support types and can 
be employed to develop a database containing 
numerous corrosion damage scenarios.  

If the frequency shifts due to corrosion are known 
from measurements and the Corrosion Signature is 
found, assessing the corroded region can be made 
comparing the CS with the numerous CIs contained 
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in the database. Therefore, corrosion assessment 
becomes an inverse problem.  

It was also found that the CS includes both the 
corrosion location and the corrosion depth, thus the 
processes of identifying the position and the depth 
cannot be separated as in the case of transverse 
cracks. That's why the database requires much more 
inputs as that developed for other type of damage. 

Future work will extend the field of research to 
other corrosion types, as pitting, that do not affect the 
beam thickness but its modulus of elasticity. Also, 
plate-like structures will be in the focus of our 
research.  
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