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Abstract.Pipe wall thinning is one of important safety issues of industrial plants 
including nuclear power stations and many methods have been suggested to inspect 
wall thinning effectively. In this work, an alternative pipe wall-thinning detection 
method based on variations of natural frequencies of shell vibration modes in a wall 
thinned pipe. Stiffness varies in the circumferential direction of a pipe with locally 
decreased thickness which induces shift of eigenfrequencies of shell vibration modes 
of the pipe. Natural frequencies of a same mode may be split according to shapes of 
wall-thinned parts. For that reason, one can monitor pipe wall-thinning by measuring 
natural frequencies of shell vibration modes of the pipe. The feasibility of the 
proposed method was studied by FE vibration analysis for wall-thinning pipes. Modal 
testing was also carried out for the pipes with artificial wall thinning to verify the 
working performance of the suggested inspection technique. 

1. Introduction  

Pipe wall-thinning refers to reduction of pipe thickness in industrial plants due to flow 
accelerated corrosion (FAC), erosion-corrosion, etc. [1]. It greatly affects structural integrity 
of facilities as shown in the accident of nuclear power plants of Surry Unit 2 of USA and 
Mihama-3 of Japan [2, 3]. Ultrasonic thickness gauge is widely used to detect pipe wall 
thinning as it can measure wall thickness with high precision. To enhance measurement 
precision or applicable temperature of probes, many researches for applying EMAT [4], 
EMAR [5] or DCPD [6] to wall thinning detection were conducted. As ultrasonic method can 
measure thickness of one point and many points should be inspected, it takes time to inspect 
wall-thinning of a pipe. Only a limited number of pipes are under regular monitoring in most 
of nuclear power plants. Wall thinning management of most pipes are carried out by FAC 
prediction program such as CHECWORKS [7], COMSY-MECH [8], etc.  

This works proposes a vibration signal-based wall-thinning detection method, 
especially based on change of natural frequencies in wall-thinned pipes. Stiffness of a pipe 
changes at a thickness reduced section, which in turn varies natural frequencies of shell or 
flexural modes of the pipe. By measuring natural frequencies and comparing them to those of 
a healthy pipe, one can decide whether pipe thickness is reduced or not. Natural frequencies 
can be evaluated with measurement data of one point, wall-thinning of a pipe can be screened 
much faster than inspections using conventional ultrasonic thickness measurement even 
though measurement precision may be reduced. Natural frequencies can be changed also by 
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wall thinning shape; therefore, it is possible to assume thinning pattern qualitatively by the 
suggested method.  

In this paper, inspection principle is briefly explained first. Feasibility of the 
proposed method is studied with FE analysis on two dimensional wall-thinned pipe models 
and experiments for wall-thinned test specimens with short length to see variation of shell 
vibration modes. Practical use of the suggested approach is checked with the analysis and 
experiments on straight pipe models with various wall-thinning ratios and thinning shapes 
with same thinning ratio.  

2. Measurement principle and feasibility check with two dimensional models 

2.1 The wall-thinning inspection principle based on variation of natural frequencies 

Stiffness of a wall-thinned section of a pipe changes along circumferential direction (Fig. 1). 
The flexural stiffness of the whole pipe also varies as moment of inertia changes at the 
section.  

      
Fig. 1 Schematics for stiffness change along circumferential direction due to wall-thinning 

Variation of stiffness in circumferential direction or axial direction changes natural 
frequencies of corresponding vibration modes. Inspection of wall-thinning is possible by 
measuring such changes of natural frequencies and comparing them to those of a healthy pipe. 
Swift wall-thinning detection is also possible as natural frequencies can be calculated with 
measurement data of one point. In most cases, wall-thinning sections are known such as 
extrados of curved pipes, pipes after orifice plates and T-joint sections. Wall thinning of 
pipes can be primarily screened by measuring vibration signals and calculating natural 
frequencies only at those points.  

2.2 Feasibility study with two dimension simulation models 

Natural frequency fi of i-th shell vibration mode of a pipe of radius R is dependent on the pipe 
thickness t as follows; 
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decrease as thickness is reduced.  
Equation 1 assumes constant thickness along circumferential direction. Practically, 

thickness of a wall-thinned cross section varies with as shown in Fig. 1. To see the effect of 
partial thickness change on natural frequencies, two dimensional finite element models for 
cross sections of wall-thinned pipes with different thinning ratios as shown in Fig. 2 were 
built. Diameter and thickness of the healthy model are 115 mm and 13.5 mm, respectively. 
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Modal analysis was carried out for each model and the results are listed in Table 1. Comsol 
Multiphysics [9] was used for FE analysis. The results indicate the following.  

i) Natural frequencies of shell vibration modes decrease according to the increment of 
wall thinning ratio.  

ii) In wall-thinned pipes, natural frequencies of same modes split into two frequencies, 
which can be explained by stiffness variation of a wall-thinned pipe in circumferential 
direction as illustrated in Fig. 1. Figure 3 shows an example of split mode shapes of same 
mode (second mode of the wall-thinned pipe case A).  

Healthy pipe 
 

 

Wall thinned pipe – 
Case A 

 

Wall thinned pipe – 
Case B 

 

Wall thinned pipe 
– Case C 

 

Wall thinned pipe – 
Case D 

 
Wall thinning ratio 

0 % 
Wall thinning ratio 

2.3 % 
Wall thinning ratio 

3.9 % 
Wall thinning ratio 

6.0 % 
Wall thinning ratio 

10.0 % 

Fig. 2 two dimensional wall-thinned pipe models for the analysis of natural frequencies change 

Table 1. Natural frequencies analysis results of wall thinned pipe models 

Mode no. Healthy pipe 
Wall-thinned 
pipe – case A 

Wall-thinned 
pipe – case B 

Wall-thinned 
pipe – case C 

Wall-thinned 
pipe – case D 

2 3215 
2823 2807 2821 2651 

3193 3118 2950 2795 

3 8666 
7873 7888 7714 7355 

8483 8142 7875 7423 

4 15651 
13952 13942 13938 13445 

15126 14517 14163 13539 

    

(a) f = 2823 Hz                                (b) 3193 Hz 

Fig. 3Bifurcation of natural frequencies of the same shell vibration mode of wall-thinned pipe (second mode of 
case A in Table 1) 

Bifurcation of natural frequencies is also dependent on thinning shape even with 
same wall thinning ratio. If a thinning pattern varies suddenly, stiffness will also be changed 
abruptly along circumferential direction and split of natural frequencies will also be affected 
consequently. This is also demonstrated with FE analysis with the models in Fig. 4. Two sets 
of models were considered. Models in set A have thinning ratio of 2.3 % and different 
thinning shape while thinning ratio of models in set B is 10 %. The eigenfrequency analysis 
results for second and third shell modes of each case are compared in Table 2. The result 
shows that difference of natural frequencies of same mode increases as thinning shape gets 
sharper and is not related to thinning ratio.  
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 Case 1 Case 2 Case 3 

Wall thinned 
pipe set A 

(Thinning ratio 
of 2.3 %) 

   

Wall thinned 
pipe set B 

(Thinning ratio 
of 10.0 %) 

   

Fig. 4 Two dimensional analysis models for effect of thinning shape on the bifurcation of natural frequencies of 
same modes. 

Table 2. The FE analysis results for natural frequencies according to thinning shape 

Analysis 
set 

Shell mode 
no. 

Healthy pipe 
Case 1 Case 2 Case 3 

f f f f f f 

A 
2 3215 

3053 
83 

2942 
238 

2823 
370 

3136 3180 3193 

3 8666 
8347 

29 
8139 

296 
7873 

610 
8376 8435 8483 

B 
2 3215 

2750 
34 

2651 
144 

2580 
151 

2784 2795 2731 

3 8666 
7487 

23 
7355 

68 
7300 

128 
7510 7423 7428 

The analysis results imply that qualitative estimation for the amount and shape of 
wall thinning is feasible by measuring natural frequency changes. 

2.3 Experimental verification of two dimensional simulations 

The above two dimensional simulation results are verified experimentally. Figure 5 
shows the test specimens, whose cross sections are same with the models in Fig. 2 and Fig. 4 . 
The axial length of specimens is 50 mm to see effectively the variation of natural frequencies 
of shell vibration modes by minimizing bending vibration modes.  

Impact hammer B&K 8238 was used to excite the specimens and vibration signals 
were measured by using an accelerometer B&K 4393. Signals were stored and analysed by a 
B&K Pulse system. As with the above FE analysis, the effect of wall-thinning ratio and 
thinning shape of constant thinning ratio on the eigenfrequency variation was investigated in 
the experiments.  

Frequency response functions of the normal test specimen and the specimen with 
thinned wall (case A of Fig. 2) are compared in Fig. 6, where shift and bifurcation of natural 
frequencies of a wall-thinned specimen is illustrated clearly. The effect of wall thinning ratio 
is listed in Table 3, in which case number for test specimens are same with the cases in the 
analysis result of Table 1. Decrement of natural frequencies according to the reduction of 
wall thickness is checked experimentally.  
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Fig. 5 Test specimens for the experiments on natural frequency change by wall thinning effect.  

 

Fig. 6 Comparison of FRF of a normal test specimen and the specimen with thinned wall 

Table 3. Experimental result for natural frequency variation according to wall-thinning ratio 

Mode no. Healthy pipe 
Wall-thinned 
pipe – case A 

Wall-thinned 
pipe – case B 

Wall-thinned 
pipe – case C 

Wall-thinned 
pipe – case D 

2 3169 
2802 2753 2750 2631 

3154 3062 2887 2769 

3 8588 
7843 7793 7581 7306 

8431 8031 7737 7401 

Table 4 shows the effect of wall thinning shape on natural frequencies. Case number 
is same with that in Table 2. The difference between bifurcated eigenfrequecies of same 
mode (f) increases with sharp pattern change. On the other hand, it is not related to thinning 
ratio or mode number.  

Table 4. The FE analysis results for natural frequencies variation according to thinning shape 

Experimental 
set 

Shell 
mode no. 

Healthy pipe 
Case 1 Case 2 Case 3 

f f f f f f 

A 
2 3169 

3065 
69 

2957 
259 

2802 
352 

3134 3216 3154 

3 8588 
8512 

91 
8399 

292 
7843 

602 
8603 8691 8431 

B 
2 3169 

2836 
6 

2634 
132 

2628 
197 

2842 2766 2825 

3 8588 
7681 

49 
7383 

85 
7370 

106 
7730 7468 7476 
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The above analysis and experimental results on two dimensional models or the test 
specimens with short axial length represent that one can detect pipe wall thinning and 
qualitatively estimate thinning ratio and shape.  

3. Investigations on natural frequency change of wall-thinned straight pipe models 

To study the applicability of the proposed method to actual wall-thinning inspections, 
natural frequencies of wall-thinned straight pipes were investigated analytically and 
experimentally. As discussed in the previous chapter, the effect of thinning ratio and shape 
on natural frequency change was studied. Figures 7(a) and (b) show the FE models and test 
specimens discussed in the analysis and experiments. Diameter and thickness of a normal 
pipe is equal to the normal model in the previous chapter. 

  

(a) Simulation model (b) Test specimens 

Fig. 7 Wall-thinned straight pipes for the inspection of eigenfrequency change 

The cross sections of simulation models and test specimens are described in Table 5. 
Effect of wall-thinning ratio on eigenfrequencies can be examined by comparison of case B, 
C and D while the effect of thinning shape can be checked with Case A, C and E. 
Wall-thinned sections of the test specimens were inevitably made on outer surfaces 
considering the difficulty of fabrication. 

Table 5. Cross section of the simulation models and the test specimens 

 

Case A Case B Case C Case D Case E 

ϴ =  160° 

t  = 8.0 mm 

ϴ =  120° 

t  = 9.0 mm 
ϴ =  120° 

t  = 6.0 mm 
ϴ =  120° 

t = 3.0 mm 
ϴ =  90° 

t = 3.0 mm 

3.1 FE analysis results for natural frequencies according to wall thinning 

Natural frequencies of shell modes of each simulation case are compared in Table 6, 
where m and n are mode numbers along circumferential and longitudinal directions, 
respectively (see Fig. 8). Eigenfrequencies of second and third m mode are mainly 
investigated in the Table. Compare natural frequencies of case B, C and D. Both bifurcated 
frequencies decrease and their difference increase as thinning ratio develops. When thinning 
ratio is similar (case A, C and E), difference between split frequencies increase as thinning 
shape gets sharper. The results match well with the analysis results in the previous chapter. 
At mode of m = 2 and n = 2, however, variation of frequencies are rarely observed as nodal 
line exists and deformation is small at wall-thinned section. Vibration mode or frequency 
band must be carefully selected considering mode shapes of pipes in actual applications of 
the proposed method. 
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Table 6. The analysis results for natural frequencies of shell modes of wall-thinned straight pipe models 

Mode 
no.  

(m,n) 

Healthy 
pipe 

Case A Case B Case C Case D Case E 

f f f f f f f f f f 
2,1 3317 

3137 
56 

3200 
40 

3147 
64 

2983 
162 

3051 
75 

3193 3239 3211 3145 3126 

2,2 3440 
3396 

7 3411 0 3398 0 
3386 

6 
3390 

17 
3403 3392 3407 

2,3 4479 
4145 

22 
4265 

26 
4211 

73 
4119 

70 
4174 

126 
4167 4291 4284 4189 4300 

3,1 8916 
8248 

228 
8579 

139 
7999 

329 
6627 

734 
6917 

1145 
8476 8718 8328 7361 8062 

      

(a) fn =  3137 Hz  (m = 2, n = 1)     (b) fn =  3396 Hz (m = 2, n = 2)    (c) fn =  8476 Hz (m = 3, n = 1) 

Fig.8 Examples of the analysis results for the mode shapes of the thin-walled straight pipe models (case A of 
Table 6) 

Besides shell vibration modes, flexural modes in the axial direction are also observed 
in these models. See Table 7. Eigenfrequencies of flexural modes decreases as wall thinning 
ratio increases. The effect of thinning shape, however, is not clearly seen in the flexural 
modes. 

Table 7. The natural frequencies of flexural vibration modes of wall-thinned straight pipe models  

Flexural 
mode no.  

Healthy pipe Case A Case B Case C Case D Case E 

1 4738 4605 4709 4683 4631 4734 

2 7949 7463 7709 7449 7200 7511 

3.2 Experimental results for natural frequencies according to wall thinning 

The simulation results were verified experimentally with the test specimens shown in 
Fig. 7(b). To see the applicability of the proposed method to practical wall thinning 
inspections, natural frequencies were calculated from single measurement data for each test 
case. Considering the frequencies in Table 7, modes of measured eigenfrequencies are 
assumed. Table 8 compares eigenfrequencies of assumed shell modes.  

Table 8. The experimental results for natural frequencies of assumed shell modes of wall-thinned straight pipes 

Healthy 
pipe 

Case A Case B Case C Case D Case E 
f f f f f f f f f f 

3360 
3170 

35 
3198 

76 
3148 

48 
3035 

120 
3146 

40 
3205 3274 3196 3155 3186 

4560 
4244 

26 
4330 

24 
4105 

125 
3945 

257 
3472 

298 
4270 4354 4230 4202 3770 

8506 
8341 

219 
8574 

208 
8122 

318 
7467 

331 
7912 

373 
8560 8782 8440 7798 8285 
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The results generally show the previously stated effect of wall thinning ratio and 
thinning shape on the variation of natural frequencies. Table 9 also shows the change of 
eigenfrequencies of assumed flexural modes, which decreases as thinning ratio increases.  

Table 9. The measured natural frequencies of assumed flexural modes of wall-thinned straight pipe models  

Healthy pipe Case A Case B Case C Case D Case E 

4856 4540 4640 4460 4310 4256 

4. Conclusion 

The analysis and experiments for variation of natural frequencies of wall-thinned 
pipes are carried out to provide an alternative wall-thinning inspection method which can 
screen wall-thinned pipes rapidly in practical investigation cases. The suggested principle 
was verified with a series of FE analysis on two dimensional models and experiments for test 
specimens with short axial dimension. It was shown that natural frequencies decrease as wall 
thinning ratio increases and frequencies bifurcate in wall-thinned pipes. It is also presented 
that difference of split frequencies elevated as thinning shape gets sharper even though 
thinning ratio is same. The feasibility of the suggested principle is studied with the analysis 
and experiments for straight pipe models with different thinning ratio and thinning shape. 
More research is needed for actual applications of the method, however, it was shown that 
qualitative and swift inspection of wall thinning of pipes is possible with the proposed 
principle. 
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