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1. INTRODUCTION 
Gas pipeline systems incorporate numerous welded small bore connections such as instrument 

connections or stabbings, vent and drain points and bypasses around full bore valves. These are 
susceptible to fatigue failure due to vibration excited both through the structure and by pressure 
fluctuations in the gas.   These fatigue failures can result in the release of gas and therefore have 
significant safety implications.  Given the right conditions, a potentially explosive atmosphere could be 
formed.  In addition, methane, which is the main constituent of natural gas, is a greenhouse gas and the 
escaped gas can contribute to global warming. 

In order to minimize the probability of such failures, it is essential to have a reliable and rapid 
means of assessing connections that may be at risk.  Methods have been developed for the rapid 
measurement of stresses in connections based on accelerometers and also on a frictional strain gauge.   
Using a combination of these two approaches, most types of fittings can be assessed in a few minutes.  
Results from field measurements show how simple screening criteria have been developed using 
established fatigue design methods to assess the results and identify cases requiring urgent action.   

In this paper, examples of different causes of vibration at compressor stations and at pressure 
reduction stations are presented. In addition examples of fittings and pipe geometries that are susceptible 
to failure caused by vibration are also identified.  It is shown how changes to the geometry of the 
connection can have a significant impact on the vibration response.   

A rapid assessment of vibration can only provide information about vibration levels that exist at 
the time of the measurements.  There are occasions where this is not adequate and the severity of the 
vibration amplitude varies in a complex manner with the operating parameters of process equipment.  In 
this case, a thorough understanding of the relationship between operating conditions and vibration 
characteristics is a key element of a comprehensive fatigue assessment.   In order to develop an 
improved understanding of these relationships, equipment has been specially developed to perform long 
term, continuous monitoring of vibration at multiple sensor locations.  The equipment can be operated 
remotely, and can log trends and capture high frequency time history information based on selected 
trigger conditions.  This information can be used to identify appropriate action for the avoidance of fatigue 
failures. 

2. NOMENCLATURE 
c  speed of sound in pipe material 
C  constant in fatigue curve 
D  connection diameter 
E  elastic modulus 
ε  strain 
f0  natural frequency 
l  overall length of a slender connection 
K  dimensionless constant 
m  exponent in fatigue design curve 
N  number of cycles to failure 
S  stress range in S-N curve 
v  velocity 



3. BACKGROUND 
3.1. Vibration excitation and fatigue 

Fatigue due to vibration is a potential cause of failure of pipework in gas pipeline installations such 
as compressor stations and pressure reduction stations. Typical sources of vibration on these systems 
include: 

• Pressure pulsations at discrete frequencies. A common cause of such loading is at compressor 
stations, where loading is generated at the rotational speed of the compressor, the blade passing 
frequency and 2 or more times these frequencies.   

• Pressure fluctuations over a band of frequencies caused by turbulence in the flow, or flow through 
a complex path or pressure reduction valve. Similarly, vortex shedding as flow passes through a 
simple restriction or round an obstruction can be a source of pressure pulsations over a narrow 
range of frequencies. 

• Structural vibration from rotating machinery, or other vibrating equipment. 

These sources are likely to be amplified locally by exciting various modes of vibration of the pipework 
system, such as: 

• Structural modes of vibration of the main pipework. Examples include the whole pipe bending as a 
simple beam between supports, and more complex, higher frequency modes involving flexing of 
the pipe wall. 

• Local modes of vibration associated with connections to the main pipe, such as instrument 
stabbings or by-pass pipework. 

• Acoustic modes. These can be longitudinal in either the main pipe or its connections, such as 
organ pipe type modes, or in a transverse direction, or a combination of both. 

• Potentially, structural and acoustic modes can couple to provide further amplification of the 
applied loading. This can occur if the frequencies are similar, and the mode shapes are such to 
allow transfer of energy from one mode to the other. 
 
A particular feature of the vibration at compressor stations is that the operating point varies 

according to local grid conditions and the demand for gas. The amplitude and frequency of the applied 
loads associated with the rotation of the compressor will also vary and the potential for exciting modes of 
vibration in different parts of the structure is high. A full assessment of the vibration behaviour requires 
identification of possible resonant conditions and an understanding of the relationships between vibration 
energy and the operating parameters. An insight into this can be obtained through analysis of 
measurements taken at one operating condition. However, in order to fully quantify the complex 
relationship between operating condition and vibration amplitude it is necessary to perform measurements 
over the full range of operating conditions. It is often not practicable to vary process conditions over a 
short time period due to operational constraints and therefore the only way to assess vibration levels over 
a wide range of operating conditions is to carry out continuous vibration monitoring for an extended period, 
and wait until the required range of operating conditions occur naturally.  

The examples presented in this paper are predominantly from centrifugal compressors operating 
in gas transmission systems, but the methods and results are equally applicable to reciprocating gas 
compressors and pressure reduction systems. The methods have also been applied to auxiliary systems 
such as lubricating and seal oil pipework. 

3.2. Failures of Small Connections 
A schematic diagram of a typical small bore connection, or stabbing, on a large diameter carrier 

pipe is shown in Figure 1. A welding fitting is attached to the carrier pipe and a short length of pipe is 
welded to a flange that carries an instrument, valve or is connected to other pipework. Including the weld 
to the carrier pipe, there are three welds in a fabricated connection and the welds between the pipe and 
the fittings may be butt or fillet welds depending on the type of fitting used. If an integral forged fitting is 
used, there is only the one weld to the carrier pipe. In Figure 1 a blind flange threaded for connection to 
small bore pipework is shown, while in some cases a full bore valve may be fitted, which increases the 
mass on the end of the fitting. All weld locations have been sites for recent failures investigated by the 



authors and co-workers [1]. Fillet welds have been found to fail both from the weld toe and by cracking 
through the throat. Butt welds are generally found to fail by cracking from the outside weld toe.  

 
Figure 1:  Schematic welded small bore connection 

 
Figure 2 shows an example of a fatigue crack that initiated at the toe of the weld attaching a 2” 

diameter long weld-neck flange to a 16” carrier pipe. The crack had penetrated the carrier pipe wall over a 
length of 65 mm by the time the failure was detected.  No evidence was found of pre-existing defects and 
the failure was caused by vibration from an adjacent pressure regulator.     

 

 
Figure 2:  Fatigue cracking at the toe of the weld attaching a long weld neck flange. Crack 

indication using magnetic particle inspection. 

 
Figure 3 also shows a fatigue failure of a fabricated connection, but in this case the failure has 

occurred at the toe of the weld between the socket-welded flange and the 1” nominal bore pipe section. 
This location is not highly stressed by deformation at the lowest natural frequency, but is consistent with 
deformation at the second bending mode of vibration, where the flange “rocks” about the pipe.  Failures 
are more commonly experienced due to vibration at the fundamental natural frequency of the connection.  



Testing of the cracked component before destructive examination indicated modes at about 147Hz and 
1300Hz. This latter value was within the range of frequencies associated with the blade passing frequency 
of the compressor at normal operating speeds. Further examination of the fracture surface revealed that 
the crack had been present and growing intermittently for a considerable time, while no evidence was 
found of any pre-existing defects at the initiation point. 

The consequences of such failures include plant downtime, increased maintenance costs, 
contractual payments, and the health, safety and environmental concerns associated with gas release. 
Hence there is a need for techniques to identify those fittings that are at most risk of failure. 

 

 
Figure 3:  Fatigue failure of weld between socket welding flange and pipe; (a) top – general view 

of crack at weld toe, (b) lower – fracture face 
 

4. ASSESSMENT METHODS 
In order to minimize the probability of such failures, it is essential to have a reliable and rapid 

means of assessing connections that may be at risk.  A simple fatigue screening criterion based on 
displacement was proposed for petrochemical plants by Wachel and Bates [2]. More recently, similar 
approaches were reviewed in an extensive survey of vibration problems and solutions in nuclear power 
plant piping [3]. These methods are intended to assess main pipework runs vibrating in their first mode as 
a simple beam, and assume that there are no additional masses attached. Unfortunately neither of these 
assumptions is valid for small connections. In addition, the design chart in [2] only extends to 300 Hz, 
which is well below the connection natural frequencies that can be excited by compressor blade passing 
frequencies. Figure 4 shows data measured from a connection to a compressor station discharge pipe 
where a resonance is visible at the blade passing frequency of about 1.3 kHz. Broadband excitation can 
also extend to frequencies higher than usually found in petrochemical process pipework [4, 5]. Hence 
physical measurement provides the best route for assessment.  

Two main measurement approaches have been developed, using accelerometers or strain 
gauges, and are quick to use; Figure 4 shows a two axis accelerometer mounted on a flange, and a 
friction strain gauge mounted on an adjacent stabbing. The accelerometers are small and can be readily 
fitted to virtually any type of attachment. The main disadvantage is that, unlike the strain gauge, 
accelerometers do not give a direct measurement of strain. 

4.1. Accelerometer Based Measurements 
One approach is to make use of the Rayleigh principle, which is based on the fact that any 

vibration involves the transfer of kinetic energy, proportional to velocity squared, to potential energy, 
proportional to strain energy squared, and back again. This illustrates the close relationship between 
velocity and strain, and it is logical to make the assumption that there will be a reasonably constant 
relationship between the maximum velocity in the structure, and the maximum strain. Once the constant of 
proportionality has been derived for a particular category of structure, it would be meaningful to use an 



accelerometer or other vibration transducer to identify the maximum velocity and use this as a guide to the 
maximum strain (or stress). 

 

 
 

Figure 4:  Twin axis accelerometer mounted on a welding outlet. 
 
This concept has been proposed by a number of investigators and Motriuk [6] proposed this 

method for assessing main pipe vibration at compressor stations. It is assumed that the strain can be 
predicted from the measured maximum velocity using the following equation: 

v
c
K

=ε      (1) 

It was found that the constant K was generally between about 0.5 and 3, for pipe wall vibrations, 
and could be as high as 10 at stress concentrations.  He suggested a value of 2.25 is most typical. 
Therefore, the method has potential for providing a first pass assessment of vibration, particularly if used 
to estimate nominal stresses only, and stress concentrations are dealt with separately.  

A further advantage of this method is that velocity measurements can be made simply with the 
use of standard instruments.  This method does not make the assumption that the structure is vibrating at 
its first mode of vibration as, in principle, the method works for any mode of vibration, including higher pipe 
transverse bending modes, and modes that involve pipe wall vibrations.  Although a different value for K 
should be adopted for each mode shape, in practice it has been found that once the constant has been 
obtained for the first mode, this value is often representative of higher modes of vibration.  However, in 
order to assess higher frequency mode shapes it is necessary to measure the vibration velocity at 
additional locations, so as to ensure that the maximum velocity for that mode shape is captured.  

The main uncertainty in the method relates to the value adopted for the parameter, K, and 
therefore to minimise any uncertainty it is important to refine the prediction of this parameter.  For long 
slender connections, it is reasonable to assume that the majority of the flexing will occur in the pipe 
section, and not in the carrier pipe. Therefore, stresses can be predicted from the measured displacement 
at the end of the stabbing, based on an assumed deflected shape. If it is assumed that the deflected 
shape of the instrument stabbing is the same as a cantilever with an end load applied then, using the 
known relationship between deflection and strain, it can be shown that: 

ε
π
D
lfv

3
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0=      (2) 

Friction strain gauge



The proportionality constant in (1) can readily be obtained from (2). This provides a means of 
predicting strain (and therefore stress) from the measured acceleration. The inputs to the calculation are 
the overall length, external diameter and the natural frequency of the stabbing, which can normally be 
identified from the measured acceleration spectrum. 

This approach relies on the assumption that the displacement observed at the end of the 
instrument stabbing is caused by flexure over the length of the stabbing. There are many cases where the 
length of stabbing pipe is small (or even zero if a welding outlet fitting is attached directly to a weldneck 
flange), or where the stabbing pipe diameter is large. In these cases the method is likely to be either 
unconservative because the measured deflection is caused by flexing of a much shorter length of stabbing 
pipe than assumed (and therefore strains are higher), or overly conservative because some of the 
measured deflection is caused by flexing of the carrier pipe, rather than the stabbing itself. In these cases 
this method of predicting K should not be applied.  An alternative approach for common geometries of 
instrument stabbings, or specific critical cases, is to predict K using a dynamic finite element analysis, and 
this has been carried out and verified experimentally using strain gauges and accelerometers. 

4.2. Strain Gauge Measurements 
Direct measurement of the strains at the weld of concern is preferred to inferring the strains from 

accelerometer data. Conventional bonded electric resistance strain gauges are time consuming to install, 
and the normal installation tools cannot be used in a hazardous area. Installation is also difficult on hot 
surfaces and on cold surfaces where condensation is present (as found at pressure reduction 
installations). An alternative to the bonded gauge is the friction gauge [7, 8], which is clamped to the 
component and relies on friction to transmit dynamic strain to the element. Such gauges have been stated 
as being accurate to about 5% [9], but were found not to be robust enough for extensive use on pipeline 
installations. 

A novel frictional strain gauge was developed for use on small diameter pipework and is shown in 
Figure 4. This can be deployed rapidly in hazardous areas as it clamps directly to a pipe. It is sufficiently 
robust to overcome the problems encountered with the commercial gauge. Details of this system are 
beyond the scope of this paper, but it has been validated against conventional bonded gauges and shown 
to give dynamic measurement accuracy comparable with the commercial gauge. 

4.3. Analysis 
Data recorded using these measurement methods can be analysed in a number of ways to extract 

and present the required information. Most commonly, the data are presented in the form of a frequency 
spectrum, such as that shown in Figure 5, in which the key features of the response can be identified. 
More complex forms of the data can be derived, such as the waterfall plot of Figure 6. This shows a set of 
spectra obtained from a strain gauge on an connection pipe during a slow run down of a centrifugal 
compressor from normal running speed. Inclined lines of peaks clearly identify responses to the rotational 
speed of the unit, whilst lines of peaks parallel to the rpm axis are responses to other excitations, probably 
broad band noise in the gas flow exciting natural frequencies of the pipework structure. 

 
 



 
 

Figure 5:  Stress spectrum measured on an attachment to a compressor discharge pipe using strain 
gauges 

 
 

 
 

Figure 6:  Waterfall plot of strain measured on a discharge pipe attachment during the slow run down of a 
compressor 

 



4.4. Acceptance Criteria 
Simple acceptance levels, comparing the maximum measured or rms strain against a fixed level 

have been developed [1] to ensure that effort is targeted at the most urgent problem areas. It is preferable 
to adopt an acceptable stress range that is specific to the type of connection under assessment and a 
considerable amount of data is available relating to the fatigue performance of welded connections [10]. 
For the purpose of establishing acceptable vibration levels, use has been made of BS7608 [11]. This 
provides fatigue design curves for different classifications of welded connections. Each curve relates the 
expected number of cycles to failure to the stress range. The curves are based on a fit to experimental 
data, of the form: 

CNS m =      (3) 
Equation (3) appears as a straight line when plotted on logarithmic axes. It is conventional to 

adopt the curve corresponding to the mean minus two standard deviations in the experimental scatter for 
design purposes. 
 

Type of connection Assumed design fatigue strength 

Welding outlet to pipe 
Pipe to weld neck flange 

Butt weld 
40 N/mm2  (Class F) 

Socket weld 
Socket welded outlet fitting 

Lower of: 
40 N/mm2    (Class F) 

or: 
25 N/mm2  * (throat size / wall thickness) 

(Class W) 
(Assume weld throat size is equal to pipe wall 

thickness, in the absence of thickness 
measurements) 

Threaded connection 
0.059 * UTS 

Assume 24 N/mm2 if grade not known, based on 
API Grade B 

Threaded connection with seal weld 

Lower of: 
The fatigue strength of the threaded connection 

or: 
29 N/mm2 for weld (Class G) 

Forged integral flanged outlet – parent metal 78 N/mm2  (Class C) 

Weld toe on carrier pipe, use stresses in carrier 
pipe 40 N/mm2  (Class F) 

Compression fitting on 316 stainless steel 52 N/mm2 at 2x107 cycles (From BS 4368 part 4) 

Table 1: Acceptance levels for vibration stress range based on BS 7608 
 
It is well known that welded connections in carbon-manganese steels subjected to constant 

amplitude stress ranges display a fatigue limit. Below the stress range corresponding to this fatigue limit 
the component will never fail in fatigue. Within BS 7608 it is assumed that the fatigue limit will occur at the 
stress range corresponding to 107 cycles to failure. In other words, if the connection would survive 107 
cycles of a particular stress range, it would survive an infinite number of cycles below this range. Table 1 
identifies the fatigue limits for the types of connections encountered in small connections. It is seen that by 
adjusting the criterion to the connection type, the acceptance limit can be increased significantly in some 



cases. A limit for compression fittings used for stainless steel instrument pipework has also been 
developed, based on Advantica internal data and BS 4368 [12]. 

The situation is more complicated when the connection is subjected to variable amplitude loading, 
since it is known that occasional stress cycles that are greater that the fatigue limit can start to propagate 
a crack, allowing stress cycles that are below the constant amplitude fatigue limit to contribute to crack 
growth. BS 7608 prescribes a method for dealing with this issue using a cycle count of a recorded stress 
history. This identifies individual stress cycles that can then be used with (3) to derive the contributions to 
the fatigue damage. However, the method appears to give unrealistic answers for broad-band high 
frequency loading containing very large numbers of low stress cycles and occasional higher stress cycles.  

Due to the uncertainty in prediction of fatigue life at low stress ranges, the following highly 
simplified criteria have been adopted; 

• If the magnitude of an occasional stress range exceeds the constant amplitude fatigue limit the 
connection is deemed to be at high risk of failure and it is recommended that urgent action should 
be taken. 

• If the magnitude of an occasional stress range is above half of this fatigue limit value, the 
connection is considered to be at some risk of failure, and corrective action is recommended. 

Further refinements in the application of this method can estimate the susceptibility of a 
connection to broadband excitation over a range of flow conditions and any potential mechanical 
resonances, when limited measured data is available.  However, it is often not possible to ensure that the 
worst conditions have been identified, as although waterfall plots such as Figure 6 can help to identify 
areas of concern, they cannot cover all operating conditions. In some circumstances the best solution is to 
carry out monitoring over an extended period, and perform comprehensive analysis of the data as 
discussed in the following section.  

5. VIBRATION RESPONSE AND PROCESS CONDITIONS 
A rapid assessment can only provide information about vibration levels that exist at the time of the 

measurements.  There are occasions where this is not adequate as the severity of the vibration amplitude 
varies in a complex manner with the operating parameters of process equipment.  A thorough 
understanding of the relationship between operating conditions and vibration characteristics is therefore a 
key element of a comprehensive fatigue assessment.    

In order to develop an improved understanding of these relationships, monitoring and assessment 
techniques have been developed to extend the simple assessment methods above, based on specially 
tailored instrumentation, hardware, methodology and analysis software.  It is therefore possible to perform 
long term, continuous monitoring of vibration at multiple sensor locations, and log trends and capture high 
frequency time history information based on defined trigger conditions.  Remote operation allows progress 
to be monitored without the overhead of additional site visits, and detailed tests to be run on the occasions 
that system conditions allow. 

The aim of this work is to achieve measurement of the vibration behaviour of the pipework installation 
over the full operating range of the parent machinery, by recording measurements over an extended 
period. This is with the intention of capturing those conditions that occur occasionally and are therefore 
unlikely to be seen during a site visit, in addition to providing a comprehensive record of normal operating 
conditions. This can provide valuable insight into the effect on pipework vibration of the compressor unit 
operating conditions, interaction between parallel/series running of units and other operation 
configurations. 

The equipment has typically been set up to capture data over a period of several months. In this 
case the friction strain gauge is not suitable and standard bonded gauges are used. Greater attention 
must also be paid to the long term durability of the installation. In-depth data processing and analysis can 
then link this data to control system information. 

Results obtained by this method provide greater insight into the complex relationships between 
the operating parameters of a compressor station, and vibration characteristics of different type of fittings.  
An example result is shown in Figure 7, demonstrating how vibration stresses in a connection vary with 
position of the compressor in its operating envelope.  The figure shows two main causes of high vibration, 
with the highest vibration levels at low flow-high pressure ratio conditions approaching the surge control 
line.  The second region of high response occurs as the flow rate increases, presumably due to increased 



turbulence in the gas.  This effect has previously been identified and shown to be approximately 
proportional to the flow-squared [1]. 

 

 
Figure 7:  Variation of stabbing vibration with compressor operating conditions 

 
Figure 8 shows the vibratory stress measured at this location with the rotation speeds for the three 

compressor units on the site. Close examination reveals that the regions of high response appear to occur 
when two compressor units are running in parallel. Under these conditions, compared to a single unit 
operating for the same pressure ratio, each individual compressor unit will have a lower flow rate. 
Therefore each unit will be operating closer to its surge control line.  The mechanism of this excitation 
source is likely to be broadband excitation due to turbulence in the gas flow, as the high levels of 
response are seen all the time the two units are running.  This highlights that the pipework vibration 
experienced on large sites may be dominated by the effect of compressor units other than the parent one, 
and underlines the benefits of this type of study. It has been evident in several cases that high stresses 
are experienced on the pipework in situations that would not have been identified if a conventional 
vibration survey was carried out on each unit individually. 

This information can be used to provide recommendations to plant operators as to operating 
regimes that avoid vibration related fatigue failures and provide guidance in the event of any planned 
pressure uprating of the plant.  If it is not possible to avoid these regions, the data could be used to 
estimate the fatigue life consumed and schedule remedial action before a failure occurs.  It is anticipated 
that study of long term data from several installations will provide a valuable knowledge base for the 
avoidance of vibration related fatigue failures on existing plant, and provide input for plant changes, 
modifications and new build. 



 
Figure 8:  Variation of stabbing vibration with compressor unit rotation speeds 

 



 

6. CONCLUDING REMARKS 
This paper has discussed the assessment of small pipework connections susceptible to vibration 

induced fatigue failures, and the relationship between vibration excitation and process conditions.  
Measurement methods using accelerometers or frictional strain gauges have been developed, and 
assessment criteria specified based on standard design criteria. Long term monitoring techniques have 
been developed to extend these assessment methods, achieving comprehensive measurement of the 
vibration behaviour of a pipework installation over the full operating range. This provides valuable insight 
into the effect on pipework vibration of the compressor system operation, with the aim of avoiding vibration 
related fatigue failures during normal operation or following modifications and uprating of existing plant, 
and in the design of new build. 
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