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Executive Summary
National Grid owns and operates Kings Lynn Compressor Station in Norfolk. At a part
of the site, in the area of the bi-directional pipework, associated with the compressors,
there is visible evidence of changes to the ground elevation, suggesting differential
settlement. A previous study, AFAA-R0706-21, was undertaken to assess the effects
of the settlement to the abnormal sustained and shakedown criteria of IGE/TD/12. A
small quantity of code exceptions were identified during the study which are to be
further investigated.
Kings Lynn compressor station was commissioned in 1971 and over the years has
been subject to significant modifications, concerning both piping arrangement and
operating conditions; most notably the installation of the bi-directional pipework in
1998 and pigging loop in 2003. During the modifications sections of 200mm venting
pipework and 300mm regulator pipework were installed in inspection pits. As part of
potential site upgrade and remediation works National Grid propose to demolish three
pits and backfill the pipework with native soil.
National Grid have therefore requested that a pipe stress study be undertaken to
confirm that the proposed modifications of the removal of the pits are acceptable and
do not unduly overstress the piping to what the existing stress levels are.
The purpose of the analysis is to:




Report the stress levels including the proposed modifications in accordance
with the requirements of IGE/TD/12 using the guidance provided in
T/SP/PW/13.
Report any existing exceptions which are exacerbated by the proposed
modifications.
Report any exceptions on the existing pipework that were not present in the
existing state.

Conclusions
1. Stress analyses have been undertaken to consider the effects of demolishing and
backfilling the pits in the bi-directional area at Kings Lynn compressor station.
Cohesive soils have been considered with lower and upper bound soil properties.
2. IGE/TD/12 code stress analyses have been undertaken of the existing and
proposed configuration.
3. There are six fittings exceeding the IGE/TD/12 sustained criterion.
i.

At three locations, concerning two different fitting types, the predicted
code stress is exacerbated by the proposed modifications.

ii. It may be possible to show acceptability of the fittings by undertaking a
more detailed design-by-analysis assessment involving the finite
element method.
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4. There are fourteen fittings exceeding the IGE/TD/12 shakedown criterion.
i.

At six locations, concerning three different fitting types, the predicted
code stress is exacerbated by the proposed modifications.

ii. It may be possible to show acceptability of the fittings by undertaking a
more detailed design-by-analysis assessment involving the finite
element method.
5. Fatigue assessments considering: the existing configuration, the removal of all
three pits and the removal of Pit-2 and Pit-3 has been undertaken and reported in
-R0711-21. A summary of the results are provide in Table17 and Table 18.
i.

National Grid to confirm which pits, if any, are to be removed.

6. The removal of Pit-1 has an adverse effect on the pre-existing stress levels
7. An additional study has been performed considering removing Pits 2 and 3 only. It
is shown that if these two pits are removed they do not have an adverse effect on
the magnitude of the pre-existing code stress exceptions or introduce new
exceptions.

Recommendations
National Grid to review the stress and fatigue implications on removing all three pits
or alternatively just consider removing Pit-2 and Pit-3 only, which do not increase the
existing stress levels.
National Grid to confirm which pits on Feeder 2 are to be removed, if any, so that the
appropriate forces and moments from the piping stress models can be extracted and
used in the Stage 2 finite element modelling programme of work.
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1 INTRODUCTION
National Grid owns and operates Kings Lynn Compressor Station in Norfolk. At a part of
the site, in the area of the bi-directional pipework, associated with the compressors, there
is visible evidence of changes to the ground elevation, suggesting differential settlement.
A previous study, AFAA-R0706-21 [1], was undertaken to assess the effects of the
settlement to the abnormal sustained and shakedown criteria of IGE/TD/12 [2]. A small
quantity of code exceptions were identified during the study which are to be further
investigated.
Kings Lynn compressor station was commissioned in 1971 and over the years has been
subject to significant modifications, concerning both piping arrangement and operating
conditions; most notably the installation of the bi-directional pipework in 1998 and pigging
loop in 2003. During the modifications sections of 200mm venting pipework and 300mm
regulator pipework were installed in inspection pits. As part of potential site upgrade and
remediation works National Grid propose to demolish three pits and backfill the pipework
with native soil at the locations shown in Figure 1.
National Grid have therefore requested that a pipe stress study be undertaken to confirm
that the proposed modifications of the removal of the pits are acceptable and do not
unduly overstress the piping to what the existing stress levels are.

1.1 Purpose




Report the stress levels including the proposed modifications in accordance with
the requirements of IGE/TD/12 using the guidance provided in T/SP/PW/13.
Report any existing exceptions which are exacerbated by the proposed
modifications.
Report any exceptions on the existing pipework that were not present in the
existing state.

1.2 Scope
The location of the bi-directional pipework and pits is shown in Figure 1.
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MODELLING
1.3 Drawings
In addition to the referenced national, international and National Grid standards, the
following drawings and material take-offs have been provided and used where necessary.
Drawing Number

-GEN-7210-0010

Issue

E

Title

Kings Lynn Compressor Station General Arrangement Trial Hole
Locations

Navisworks Model

Kings Lynn – As-Built – 5-8-21.nwd

Navisworks Model

Kings Lynn – PC – 5-8-21.nwd

CPEL-1238-DW01

1

General Arrangement

405000-MMD-LOT3-ZZDR-C-0001

E

NARC 3 Kings Lynn Compressor Station Lot 3 – Isolation Valves
Civil General Arrangement

405000-MMD-LOT3-ZZDR-C-0002

D

NARC 3 Kings Lynn Compressor Station Lot 3 – Isolation Valves
Isometric View

405000-MMD-LOT3-ZZDR-C-0003

D

NARC 3 Kings Lynn Compressor Station Lot 3 – Isolation Valves
Foundation Details

405000-MMD-LOT3-ZZDR-C-0004

E

NARC 3 Kings Lynn Compressor Station Lot 3 – Isolation Valves
Foundation Details Sections A & B

405000-MMD-LOT3-ZZDR-M-0001

F

NARC 3 Kings Lynn Compressor Station Lot 3 – Isolation Valves
Mechanical General Arrangement

2

Kings Lynn Compressor Station Design Basis Report

M478/BE/39/01/4025/001

1

Kings Lynn Compressor Station Stress Analysis

AU/M/KIN/4001

C

Bi-Directional Pipework Line Diagram

AU/M/KIN/4003

A

Regulator Pipework Details Feeder No.4

AU/M/KIN/4004

C

Regulator Pipework Details Feeder No.2

AU/M/KIN/4005

B

Power Gas Supply Details

AU/M/KIN/4006

B

No.2 Feeder Valve Bridle Pipework Details

AU/M/KIN/4007

B

No.4 Feeder Valve Bridle Pipework Details

AU/M/KIN/4008

B

Instrumentation – No.2 Feeder
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Issue

Title

2021-06-09 11-38

Piping General Arrangement Scrubber Area

2021-06-09 11-58

Details of Valve Supports

GC/L11/2/19

Piping General Arrangement Scrubber Area

GC/L11/2/20

Piping General Arrangement Of Station Valves

GC/L11/4/01

Civil Engineering Key Plan

GC/L11/4/9

Scrubber Supports Including Piles

BG/L20/1/3

B

Layout of Compressor Station

BG/L20/1/24

N

Arrangement of Pipework

0195/3/1001

M

Arrangement of Pipework

1.4 Navisworks Model & Software
have provided a Navisworks CAD model of the site in the as-built and current
configuration. The files have been developed from an automated survey of the site,
Above Ordnance Datum (AOD) survey and as-built drawings.
The files have been used to aid in developing models suitable for analysis using CAESAR
II v12[3]. This version of the software assesses pipework code compliance according to
IGE/TD/12 (Edition 2, 2003), and is approved by National Grid for this purpose.

1.5 CAESAR II Models Created
The following models have been created including the proposed modifications.


KL_CLAY_FF_01_PITS.C2



KL_CLAY_RF_01_PITS.C2



KL_FIRM_CLAY_FF_01_PITS.C2



KL_FIRM_CLAY_RF_01_PITS.C2

The following models have been created of the as-built layout to permit a stress
comparison with the models above.


KL_CLAY_FF_01.C2



KL_CLAY_RF_01.C2



KL_FIRM_CLAY_FF_01.C2



KL_ FIRM_CLAY_RF_01.C2
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2 INPUT DATA
2.1 General
The site has been subject to several modifications over the past 50 years. Notably
significant modifications were made circa 1998, to include the bi-directional functionality
to the site. The pigging loop and associated tie-in pipework was installed circa 2003.
More recently minor alterations have been undertaken to include two new 900mm ball
valves on Feeder 2. Figure 2 shows the general arrangement of the bi-directional area
and the era in which the pipework was installed.
Details for pipework has been taken from the supplied drawings and applicable standards
from the era of construction.

2.2 Materials
Materials are generally to the requirements of API 5L. For the analysis the API-5L
equivalent materials, built into the CAESAR II material database, have been used.
The Specified Minimum Yield Stress (SMYS) and Specified Minimum Ultimate Tensile
Strength (SMUTS) values, for the materials under the API-5L specifications, are shown
for comparison in Table 1.

2.3 Pipework & Fittings
2.3.1 Pipe
Details of the pipework modelled for the assessment are shown in Table 2.
Details for pipework installed as part of the original construction, Circa 1970, is taken
from historic drawings and BG/PS/DAT6 (1977) [4].
Details for pipework installed circa 1998 and 2003 is taken from historic drawings and
BG/PS/DAT6 (1988) [5].
Details for pipework installed in 2019 is taken from TS/SP/DAT/6 [6].

2.3.2 Tees
Details of the tees modelled for the assessment are shown in Table 3.
For tees installed circa 1970, conservative diameter, wall thickness and material
information was taken from 1972 edition of GC/PS/T1 [7].
For tees installed circa 1998 and 2003, conservative diameter, wall thickness and
material information was taken from 1993 edition of T1 [8].

2.3.3 Bends
Details of the bends modelled for the assessment are shown in Table 4.
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For bends installed circa 1970, conservative diameter, wall thickness and material
information was taken from the 1973 edition of PS/B1 [9].
For bends installed circa 1998 and 2003, conservative diameter, wall thickness and
material information was taken from the 1993 edition of B7 [10] and B4 [11].

2.3.4 Welding Fittings
For weldolets/weldoflanges Appendix 4.10 of TD/12 requires certain geometry validity
limits to be met, which allows for more accurate calculation of stress concentration factors
(SCFs). These dimensions have been chosen to meet the validity limits using data
available from weldolet/weldoflange manufacturers.
Welding fittings installed circa 1970 are assumed to satisfy the requirements of T/SP/F1
[12] (1971)
Welding fittings installed circa 1998 and 2003 are assumed to satisfy the requirements of
T/SP/F1 [13] (1993).
Details of the modelled fittings are provided in Table 5.

2.3.5 Reducers
Data for reducers installed circa 1998 has been taken from the 1990 edition of PS/F3 [14].
Details of the modelled fittings are provided in Table 6.

2.3.6 Rigid Weights
The weights of rigid elements such as valves and flanges are taken as those in the
CAESAR II internal database and manufacturer catalogues.

2.4 Loading Conditions
Within CAESAR II a series of pressures, temperatures and other loads may be applied
to each element. These individual loads are then combined into a series of loadcases
describing the operation of the facility over its lifetime. These include loadcases to enable
sustained, abnormal sustained, shakedown and fatigue assessments to be undertaken
and assessed to the requirements of IGE/TD/12.
A loadcase table was created based upon the below pressure and temperature values,
in accordance with the guidance of IGE/TD/12. The loadcase table as entered into
CAESAR II is shown in Table 9.

2.4.1 Pressures
The following design pressures for the parts of the site were provided in Ref. [15]


MIP 79.5 barg
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2.4.2 Temperatures
2.4.2.1 Operating Temperatures
Taking guidance from T/SP/PW/13[16] and the supplied drawings, the following
temperatures have been used;


Above ground maximum and minimum temperatures of +50°C and -20°C,
respectively.

Forward Flow (Kings Lynn to Bacton)
For forward flow the following temperatures have been used:


An assumed minimum below ground temperature of 5°C.



Maximum below ground, suction and discharge, flow temperature of 15°C and
47°C respectively [17].



Minimum below ground suction temperature of 8°C [18].



Assumed minimum below ground discharge temperature of 37°C, to produce a
temperature swing of 10°C from the maximum.

Reverse Flow (Bacton to Kings Lynn)
For reverse flow the following temperatures have been used:


An assumed minimum below ground temperature of 5°C.



Maximum below ground, suction and discharge, flow temperature of 18°C and
47°C respectively [17].



Minimum below ground suction temperature of 8°C [18].



Assumed minimum below ground discharge temperature of 37°C, to produce a
temperature swing of 10°C from the maximum.

The temperatures as applied to the models are shown in Figure 3 to Figure 5.
Temperatures and pressures used for the analyses are provided in Table 7 and Table 8.

2.5 Boundary Conditions
2.5.1 Buried Pipe Modelling
Soil restraint is modelled as a series of bi-linear springs. The CAESAR II soil modeller
allows input of different values in the axial, lateral, upward and downward directions. The
bi-linear springs consist of a spring, of constant stiffness, which gives a restive load that
increases linearly with increasing displacement and an ultimate load cut-off point beyond
which no further resistive load is transferred to the pipe regardless of displacement.
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For this analysis the soil restraint has been calculated using the American Lifelines
Alliance[19] methodology built into CAESAR II. This is in accordance with the
recommendations in IGE/TD/12.
Historic boreholes have been provided for Kings Lynn Compressor Station, the locations
of which are shown in 7Appendix A. At the depths considered, the boreholes indicate the
ground varies between fine to medium sand and soft to stiff clay. In view of this the models
have been analysed using conservative lower bound and upper bound soil restraint.
The lower bound analysis is based on the assumption that soil behaves as a soft clay,
whilst the upper bound analysis is based on the assumption that soil behaves as a firm
clay, where these two soil types are defined in NEN 3650[20]..
For the lower bound soil restraint, the water table is conservatively assumed to be at the
surface and for the upper bound soil restraint the water table is assumed to be below the
pipe.
The original buried piping is assumed to be coal tar coated and an appropriate coating
coefficient of friction has been used in the soil modelling.
The soil properties used are shown in Table 10, whilst the information as entered into
CAESAR II is shown in Table 11.

2.5.2 Supports
Sliding supports on the 300mm NB above ground regulator pipework have a PTFE lining.
These supports have been modelled as +Y restraint and coefficient of friction of 0.12 [21].
Adjustable supports on the 50mm NB above ground pipework have been modelled as Y
with Guide and a coefficient of friction of 0.12.
The ten 900mm NB valves in the bi-directional area are installed on concrete piled
supports. The piled support bases, installed circa 1998, have a neoprene lining, and the
same has been assumed for the support bases installed circa 1970. The supports have
been modelled as +Y restraint and coefficient of friction of 0.2 [22].
Similarly, the remaining below ground supports have been modelled as +Y support and
coefficient of friction of 0.2.
There are several pits, associated with Feeder 2, in the bi-directional area, as shown in
Figure 1. It is assumed the pit wall will have been lined with Neoprene or similar, therefore
the pit-wall transition has been modelled as Y with Guide restraint and coefficient of
friction of 0.2.
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3 IGE/TD/12 ASSESSMENTS
3.1 Normal Sustained
The normal sustained loadcase assessment addresses the effects of primary loadings
such as the dead weight of the pipework, fittings, valves and soil loadings together with
the full design pressure. It addresses those loadings that may cause failure due to global
plastic collapse. Thermal loadings (other than long range thermal effects with elastic
follow up) are treated as secondary in a TD/12 analysis and are not assessed for this
failure mode.
The maximum predicted von Mises equivalent stress (Ss) for each component is
evaluated for the primary loadings and checked against the normal sustained criterion
specified in TD/12.
The facility is in a Type ‘R’ area, and hence the design factor is 0.67. The normal
sustained acceptance criterion for such pipework is given by:
𝑆𝑠 = 0.80𝑀𝑌𝑆

𝑖𝑓

𝑆𝑀𝑌𝑆
𝑆𝑈𝑇𝑆

≤ 0.74

[1]

or
𝑆𝑠 = 0.34𝑆𝑀𝑌𝑆

𝑖𝑓

𝑆𝑀𝑌𝑆
𝑆𝑈𝑇𝑆

> 0.74

[2]

where Ss is the calculated von Mises equivalent stress, SMYS is the Specified Minimum
Yield Strength and SUTS is the Specified Ultimate Tensile Strength.

3.2 Shakedown
When part of a structure is initially loaded beyond its elastic limit, local plasticity can occur.
Upon removal of the load a self-equilibrating residual stress can remain. Subsequent
applications of loads of the same magnitude will eventually produce an elastic response
if shakedown is achieved. If shakedown is not achieved, failure by incremental plastic
collapse, otherwise known as “ratchetting”, will occur under repeated cyclic loading. The
shakedown analysis calculates the maximum allowable range of stresses before
ratchetting occurs. To obtain these, a series of loadcases are run for both zero and design
pressures at the minimum and maximum thermal conditions.
The differences (the self-weight and any prescribed forces cancel out) between all of the
aforementioned loadcases are considered in turn, and a von Mises equivalent stress
range, SVM, is calculated using these differences. The TD/12 shakedown acceptance
criterion requires the calculated equivalent stress range should not exceed S PR, which is
given by
S PR 

K SD ( SY  SYT )
2

[3]

where KSD is the shakedown factor of the material, which is 1.8 for carbon steel.
In the above, SY is taken to be equal to SMYS at room temperature and S YT is taken to
be equal to SMYS at maximum temperature.
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3.3 Fatigue
A fatigue assessment considering past and future usage has been undertaken in
R0711-21 [23].

-

4 RESULTS
Occurrences of stress that exceed the TD/12 allowable values are termed ‘exceptions’.
Where a component has an exception for both the lower and upper bound analyses then
the greater exception is said to ‘bound’ the lesser.

4.1 Normal Sustained
There are six fittings with code stress exceeding the TD/12 normal sustained allowable
stress criterion. A brief summary of the exceptions is provided below, there are;


Three exceptions on 900mm x 200mm sweepolets
o At Node 15040 the code stress exception is exacerbated by the proposed
modifications. The sweepolet is in close proximity to Pit-1 and Pit-2 and
therefore it is unknown if the removal of both or just one pit is having a
detrimental effect.



Three exceptions on 900mm x 300mm sweepolets.
o At two locations (Node 10590 and Node 15920) the code stress is
exacerbated by the proposed modifications at Pit-1.

Details of the exceptions are provided in Table 13 and locations are shown in Figure 6 to
Figure 9.
For locations where an increase in stress is predicted due to the proposed modifications
it is recommended a more detailed assessment is undertaken to better understand the
level and distribution of stress in the fitting.

4.2 Shakedown
There are fourteen fittings exceeding the TD/12 shakedown allowable stress criterion. A
brief summary of the of exceptions is shown below, there are;


Five exceptions on 900mm x 200mm sweepolets.
o At Node 15040 the code stress exception is exacerbated by the proposed
modifications. The sweepolet is in close proximity to Pit-1 and Pit-2 and
therefore it is unknown if the removal of both or just one pit is having a
detrimental effect.



Five exceptions on 900mm x 300mm sweepolets.
o The code stress at three of the sweepolets is exacerbated by the proposed
modifications at Pit-1.



Four exceptions on 900mm x 900mm equal tees.
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REMOVAL OF PIT-2 AND PIT-3 ONLY

Previous analyses, detailed in the main section of this report, considered the removal of
all three pits, Pit-1, Pit-2 and Pit-3 (See Figure 1 for pit locations), at Kings Lynn. It was
shown that this resulted in both positive and detrimental effects to the observed stress
levels on fittings in the region of the proposed modifications.
Due to the close proximity of Pit-1 to Pit-2 an additional assessment has been
undertaken, to better understand the influence of each pit, by considering the removal of
Pit-2 and Pit-3 only. The results of the study is presented in the below.

B.1 MODELS
 KL_CLAY_FF_02_PITS.C2


KL_CLAY_RF_02_PITS.C2



KL_FIRM_CLAY_FF_02_PITS.C2



KL_FIRM_CLAY_RF_02_PITS.C2

B.2 RESULTS
Normal Sustained
There are five fittings with code stress exceeding the TD/12 normal sustained allowable
stress criterion. A brief summary of the exceptions is provided below, there are;


Three exceptions on 900mm x 200mm sweepolets
o There is negligible difference between the code stress in the existing and
modified configuration.



Two exceptions on 900mm x 300mm sweepolets.
o The exceptions are not exacerbated by the proposed modifications.

Details of the exceptions are provided in Table B1 and locations are shown in Figure 6 to
Figure 9.
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