
Vibration integrity assessment on LNG process pipework 
using a combined experimental and analytical approach 

G. Wally1, C. McIlwraith1, M. Hutchinson1 
1 Wood PLC, Vibration, Dynamics and Noise  

St. Vincent Street 319, G2 5LP, Glasgow, United Kingdom 

e-mail: gernot.wally@woodgroup.com 

Abstract 
Vibration induced fatigue is a common root cause of failures for process piping. Failures can cause harm to 

human life and the environment and have severe cost implications. Experimental vibration integrity 

assessments of piping are typically carried out by utilising vibration and dynamic strain measurements in 

order to quantify the existing integrity threat. This case study shows an alternative assessment approach for 

process piping at a LNG processing facility (where direct dynamic strain assessment was not possible), in 

particular how to use experimental vibration data in combination with numerical analysis to predict the 

dynamic stresses in critical piping areas. This method uses vibration time trend data and frequency based 

ODS analysis to define numerical analysis boundary conditions. It also shows how the experimental and 

numerical data can be used to create a localized vibration criterion for the piping, ensuring that local non-

expert operators can accurately assess the vibration severity without using specialized strain equipment. 

1 Introduction 

Concerns were raised by site personnel regarding vibration on main propane process pipework (Figure 1) at 

an Liquefied Natural Gas (LNG) processing facility. A fatigue failure would have not only caused a major 

safety problem but also a shut-down of the whole processing facility for an extended period of time. 

Therefore, a vibration integrity assessment had to be carried out in order to quantify the fatigue threat and 

to establish a safe operating envelope for a future planned increase in production (~20% increase in 

flowrates).  

 

 

Figure 1: Process pipework under investigation (Inlet line to propane cooler) 

These types of assessments are very common and normally consist of in-service vibration measurements in 

combination with dynamic strain measurements. The vibration behavior of the piping under investigation 
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was of random transient nature (Figure 2) which normally requires a data acquisition system which can 

collect data simultaneously at multiple points in all 3 translational directions.  

After analysis of the vibration data and extraction of the vibration shapes a strain measurement is typically 

carried out in order to assess the critical dynamic stresses in-situ. For the assessment described in this case 

study, only a handheld 4-channel data analyzer was available and the recording of dynamic strain data was 

not possible due to access restrictions, and low process temperature (pipework ices up immediately after 

cladding is removed, offline strain gauging was not possible as process could not be shut down) of the 

piping.  Therefore, a combination of an experimental assessment with a subsequent numerical analysis was 

required for the integrity assessment. 

 

 

Figure 2: Time history vibration data (crest factor = 4.49; kurtosis = 3.29) 

2 Experimental vibration assessment 

2.1 Background 

A common approach for experimental vibration assessment in the Oil and Gas industry is described in the 

Energy Institute (EI) Guideline for the Avoidance of Vibration Induced Fatigue Failures in Process 

Pipework [1]. This document provides guidance on the execution of vibration assessments and a vibration 

acceptance criterion (based on research published in [2]) for process pipework. Although other engineering 

bodies use their own guidelines ( [3] [4]), in general the criterion curves are similar.  

2.2 Methodology 

When using the EI Guideline acceptance criterion for the pipework under investigation, it was apparent that 

the likelihood for a vibration induced integrity problem was very high (vibration in excess of the Danger 

criterion curve) and a more thorough investigation was required (Figure 3).  

 

 

Figure 3: Vibration data vs. EI Guideline based Criterion [1] 

-100

-50

0

50

100

V
e

lo
c
it
y
 [

m
m

/s
]

0 50 100 150

Time [s]

  Concern   Danger

10

20

30

40

V
ib

ra
ti
o

n
 [

m
m

/s
 r

m
s
]

0 20 40 60 80 100

Frequency [Hz]

3806 PROCEEDINGS OF ISMA2018 AND USD2018



The typical first step after a problem is found (i.e. vibration exceeds criteria curves) is the completion of an 

operational deflection shape (ODS) analysis in order to identify the vibration shapes and the locations where 

dynamic stresses may be elevated. There are two ways of performing an ODS analysis: Time based and 

Frequency based. The most common is the frequency based ODS analysis which uses vibration data 

captured with a handheld/low channel count FFT Analyzer at a stationary reference node and at multiple 

roving response nodes. This data is then used to create an ODS Force Response Function (FRF) which 

combines the magnitude of each roving node Auto Spectrum with the phase between the roving and the 

reference nodes of each Cross Spectrum. 

 

 𝑂𝐷𝑆𝐹𝑅𝐹(𝑗𝑤) = 𝐺𝑥𝑥(𝑐𝑜𝑠𝜑 + 𝑗 ∗ 𝑐𝑜𝑠𝜑)  (1) 

with 

  𝜑 (𝑤) = atan 
𝐼𝑚(𝐺𝑥𝑦)

𝑅𝑒(𝐺𝑥𝑦)
     (2) 

 

Gxx describes the Auto Spectrum of the roving node and Gxy describes the Cross Spectrum of the reference 

/ response node. As described in [5]and [6] this approach is primarily only applicable for steady state 

vibration which for the pipework under investigation is not the case.  

For a non-steady state (transient) vibration assessment, a time based ODS is more suitable however this 

requires a high-channel count (ideally more than 16 channels) data acquisition system which was not 

available for this assessment. 

In order to capture a representative snapshot of the vibration response utilizing a low channel count (four 

channels) FFT analyzer, a series of time history data recordings (3-5 minutes) with the same physical setup 

as for frequency based ODS measurements (one stationary reference node and multiple roving response 

nodes) (Figure 4) was carried out. The longer time history recordings allowed for the full transient behavior 

of the piping vibration response to be captured.  

This type of time history assessment will take longer for the collection of the data than the typical frequency 

ODS variant but this is tolerable if the process operating regime (i.e. flowrates and flow composition) for 

the piping is relatively stable for the duration of the assessment period. 

 

Figure 4: Schematic of data recording for “offline” frequency based ODS analysis  

The advantage of using this approach is that it allows for modification and optimization of all relevant signal 

processing parameters during the post processing for optimum results. During traditional ODS assessments 

the parameters of influence are typically set in the analyzer and include settings such as number of lines, 

windowing function, type of averaging and number of averages. However, with time history data capture 

these settings are not only variable but the method also allows for data clean up and exclusion of spurious 
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sections which would not be possible during a data  recording for the traditional frequency based ODS 

(where the stored data is already post processed in the analyzer) . As shown in Figure 5, even a slight change 

in analysis parameters can have a significant influence on the resulting FFT spectrum. Not only the 

magnitude can be affected but also certain frequency components (see ~7 Hz range in Figure 5) can be 

altered to a point where they are completely eliminated. This could result in the ODS wrongly animating 

the associated location which could subsequently lead to selecting the wrong points for a follow up 

measurement or using incorrect vibration shapes for the numerical analysis.  

 

 

Figure 5: FFT spectrum of the same signal with varying analysis parameters  

2.3 Results 

A parametric study was carried out in order to find the ideal set of analysis parameters for the given data (df 

= 0.25 Hz; FlatTop; 50% Overlap; PeakHold Averaging), the data was then converted into ODS FRFs using 

the approach shown in equation (1).   

The ODS FRFs were uploaded into a 3rd party software package for animation and vibration shape 

extraction. As in Figure 6, the pipework under investigation had dominant vibration modes at 5.25 Hz, 7.25 

Hz and 9.25 Hz. The associated high stress locations with these vibration shapes would be on the elbow 

upstream of the propane cooler and the elbow upstream of the tee connection (as highlighted by the dotted 

circles in Figure 6). 

    

 

Figure 6: FFT plot showing 3 dominant frequencies and the associated ODS shapes   

10

20

30mm/s

10

20

30mm/s

10

20

30mm/s

10

20

30mm/s

0 5 10 15 20 25 30 35 40 45

Hz

4096 Lines (df=0.125 Hz) - Flattop Window - 50% Overlap - PeakHold Averaging

4096 Lines (df=0.125Hz)- Hanning Window - 50% Overlap - Linear Averaging

16384 Lines (df=0.03Hz) - Flattop Window - 75% Overlap - PeakHold Averaging

1024 Lines (df=0.5Hz) - Flattop Window - 50% Overlap - Linear Averaging

3808 PROCEEDINGS OF ISMA2018 AND USD2018



The next step in a typical vibration integrity assessment would be the installation of strain gauges at the 

identified high stress locations and monitoring of the dynamic stresses during representative operating 

conditions [1]. This strain data would not only be used to quantify the vibration induced integrity threat (as 

per [7] [8]) but also to create a site/location specific vibration criterion.  When recording dynamic stress and 

vibration simultaneously a representative transfer function between two points can be created which can 

allow site personnel to use non-specialist equipment to give an indication of the dynamic stress levels 

(Figure 7).  

 

  

Figure 7: Example of stress vibration analysis to create customized vibration criterion   

Due to operational restrictions and the associated temperature of the pipework a detailed dynamic stress 

assessment was not feasible and therefore a numerical analysis was the only practical method to quantify 

the dynamic stress levels. 

3 Numerical Analysis  

The first step of the analysis is the determination of the boundary conditions and the definition of the analysis 

method. In this particular case the excitation source is slugging flow (gas with a small fraction of 

congregated liquid) which drives the natural frequencies of the pipework (i.e. the slugs impact the pipe wall 

at every change in flow direction). An example of a typical forcing function for this type of excitation is 

shown in Figure 8, which shows a dominant characteristic peak in the force spectrum, which often occurs 

at relatively low frequencies  (<10Hz), depending on void fraction. 

 

Figure 8: Examples of forcing power spectral densities created by multiphase flow / slugging (note 

frequency and amplitude axes are normalized)  [9] 
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In order to determine accurate boundary conditions, the ODS shapes can be used to help tune the predicted 

vibration response and the natural frequencies in the frequency range of interest. 

  

Mode Measured Calculated 

1 5.25 Hz 5.69 Hz 

2 7.25 Hz 7.65 Hz 

3 9.25 Hz 9.19 Hz 

Table 1: Natural frequency comparison  

As shown in Table 1 and Figure 9, the selected boundary conditions result in a good agreement with the 

measurement data. The minor difference between the measured and simulated natural frequencies of the 

first two modes can be explained by the fact that the external cladding and insulation of the pipework (which 

would add mass and decrease natural frequency) was not included in the Finite Element Analysis (FEA) 

model.  

 

 

 

Figure 9: Mode shapes of first 3 natural frequencies   

In order to find a suitable forcing profile a sensitivity study was performed to determine the ideal locations, 

directions and function for the application of the forces. The best results were obtained with forces applied 

at the main bends/flow direction changes which also coincide with the in-situ vibration excitation profile.  

In order to replicate the exact excitation forces the scaling value for each directional component needs to be 

applied. This scaling value can be obtained analytically (if forcing function and input parameters are 

known), or experimentally by matching the overall vibration profile and the vibration response at critical 

locations. As shown in Figure 10, the agreement between measured and calculated vibration response is 

acceptable (typically within 1 Hz for frequency and 5% for magnitude) with only one of lower response 

directions overestimating the vibration levels. In general, minor overestimation of vibration levels is 

tolerable as it will typically lead to conservative stress estimates and therefore a higher safety margin. 

After defining the forcing function and verifying the calculated response matches the measured response it 

is a relatively straight forward process to carry out a detailed integrity assessment. The numerical model 

normally provides all information required to determine the critical dynamic stresses and the associated 
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fatigue threat / life. For low to mid frequency pipework vibration the typical fatigue failure will occur on 

welded connections. Therefore, care needs to be taken regarding the mesh size of the numerical model and 

the applied stress extrapolation method around the welds so that the correct/applicable stress values can be 

obtained and compared to the appropriate limits.  

  

(a) (b) 

Figure 10: Comparison between calculated response and measured response at two key locations; (a) 

elbow upstream of cooler (high response for modes 1 and 2); (b) elbow at top of vertical pipe section (high 

response for modes 1 and 3) 

In order to reduce conservatism, a commonly used methodology for the stress assessment of large structures 

is the hot-spot extrapolation method which includes the stress concentrations factors (SCFs) due to structural 

discontinuities and weld geometry (other typical assessment methods are: nominal stress and notch stress 

methods). The hot spot stress assessment has normally prescriptive rules for mesh size and quality [7][8]. 

However, all critical welds in this particular case are butt welds which from a stress extrapolation point is 

relatively insensitive to mesh size and type [10] and stress values can be taken directly from the numerical 

model (Figure 11).  

Given the consequence of failure and the general uncertainty of numerical analysis, a conservative approach 

needs to be taken in order to factor in all contributing components at each critical location. There are 

sophisticated and well proven ways to achieve this (frequency-based fatigue assessment: [11] [12]). As a 

conservative screening approach, a simple node-wise summation of the stress amplitudes will provide a 

good indication for existing integrity issues.  

 

  Numerical Result
  Measured Data
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Figure 11: Overall stress plot and frequency stress response plots at critical locations 

In this case the analysis showed that the overall dynamic stresses (Figure 11) for the recorded vibration 

levels were acceptable and no vibration induced integrity threat exists.  

 

Figure 12: Total stresses around pipe circumference at critical locations 

Based on the assumption that the overall dynamic response of the pipework does not change, the planned 

increase in flowrates (~20%) should also not cause an integrity issue as the increase of the dynamic forces 

and consequently the dynamic stresses will be ~44% (scaled by kinetic energy which is equivalent to flow 

velocity2). With this increase the stresses will be still below the weld endurance limit including a reasonably 

safety margin.  

In order to provide a measurable indicator for site personnel the measured vibration velocities in 

combination with the numerical stress results can be extrapolated to provide a safe operating window. In 

this specific case the critical vibration values measured at the reference location can be up to the values 

shown in Table 2 before the dynamic stresses are considered to be unacceptable. One important assumption 

for this approach is that the weld is of good quality and no factors which would decrease the endurance limit 

of the weld such as misalignment or surface impurities are present [7]. 
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Direction Overall Vibration limit 

X 45 mm/s rms 

Y 75 mm/s rms 

Z 6 mm/s rms 

Table 2: Overall vibration limits measured at the reference location (Flattop Window; df = 0.125 Hz; 50 % 

overlap; peak hold averaging) 

4 Conclusion and Outlook  

It has been shown how to carry out a frequency based ODS analysis on a transient problem using a low 

channel count data recorder and a series of time history data. It was also shown how the post processing 

settings can influence the quality of the ODS analysis and which general points need to be considered when 

applying the recorded data to numerical models for further detailed assessment. It was briefly described how 

dynamic stress and vibration data can be used to create customized vibration criteria for a specific problem 

area.  

A potential improvement area for the assessment would be the inclusion of a detailed stress assessment. 

This would not only provide more data to calibrate the numerical model but also to create a more specific 

vibration criteria as a more detailed transfer function between stress and vibration could be created.  
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