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Abstract 
 
Tightness of flange joints for large polyethylene pipes – 
Part 1 Numerical simulations 
 
 
Leaks occasionally occur in flange joints in plastic pipelines, predominantly large 
dimension ones. Such pipelines are normally of importance for e g water supply, and 
repair is expensive. A better understanding is vital since a clear background is missing for 
the existing design and mounting recommendations, which also are differing. 
 
Analysis of plastic flanges is more complicated than for metal ones since the material is 
time dependent, and much softer than the backing rings and bolts. The aim of this work 
was to be able to assess on one hand if presently standardized flange geometries mean 
smaller safety margins when the size of the pipe is increased, and on the other hand if the 
instructions for mounting have to be improved. 
 
First, an analysis was made by manual calculations, without consideration of the time 
dependent properties of the material, in order to assess the stresses just after tightening of 
the joint but before pressurizing and start of service time of the pipeline. The manual 
analysis is of course misleading for assessment of the compression stresses in the flange 
surfaces over time, although it seems that such calculations often are used for design. The 
value of the manual analysis was mainly that it showed that the nominal stresses are 
similar for different sizes, except for the 630 mm pipe where they are significantly higher. 
Further it was established that pressurizing of the pipe means a moderate influence on the 
flange stresses and bolt forces, 10-15%, and that the bolt and backing ring are much 
stiffer than the plastic flange, meaning that it is mainly relaxation that is responsible for 
unloading of the joint over time. 
 
Computer simulations (FEM) were then made of both the tightening and the service phase 
for a set of geometries, and with a material model including time dependent properties of 
the plastic parts of the joint using material data from in-house experiments. 
 
Although the computer simulations are approximate too, they give a much better 
impression both of the principal function of the joint and of the magnitude of the stresses 
over time. It appears that the geometry of the flange joint means that the contact is lost 
over large parts of the flange surfaces already at pressurizing and that a triangular 
distribution of pressure covering a part of the flange surface corresponding to the width of 
the backing ring is developed over time which should be sufficient to keep the joint tight.  
 
The effects of gaskets and profiled, softer, backing rings are clarified, and it is indicated 
that re-tightening is an efficient way to improve the function of the joint over time. 
Further, it seems that there is no significant difference in behaviour, as regards flange 
pressure, between SDR 11 and SDR 17 geometries.  
 
So, the FEM investigation has revealed that intuitive thoughts about reasons for inferior 
functioning of large size flange joints in plastic pipes are not well founded.  
 
The most efficient way to improve the joint is to increase the bolt force and to keep it up, 
by re-tightening or by flexible backing rings. Gaskets, soft ones, may be beneficial for 
reducing unevenness of the plastic joint surfaces. 
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Leakage may be caused by the fact that mounting specifications have not been followed 
precisely, since the function is sensitive to deviations. It may also be more difficult to 
work in the field with large structures. 
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Preface 
 
This project was initiated in 2008 after several incidents with leaking PE-flange joints of 
larger pipe diameters had occurred. Ingemar Björklund at the Nordic Pipe Manufacturers 
Association (NPG) and Hans Bäckman at Svenskt Vatten (Swedish Water Association) 
and formed the content in cooperation with SP in order to gain better knowledge of the 
interplay between the design of the pipe joint, mounting and the stress relaxation which 
leads to an untight flange joint.  
 
This report describes the first part of the project in which a numerical investigation by 
means of a FEM-model for the joint. The second part of the project concern full scale 
tests. Material for the mechanical relaxation tests yielding data for the PE-material has 
been provided by KWH Pipe Ltd, Vaasa, Finland. 
 
The authors would especially like to thank Ingemar Björklund who has provided data 
about the UPONOR and the KWH flange joints and has been well initiated in the problem 
from his own earlier investigations. Moreover, Jan-Åke Sund at KWH Pipe Ltd, Vaasa, 
Finland has shared information from investigations carried out by KWH who is greatly 
acknowledged. Thanks also to Roger Bengtsson at Specma Seals in Göteborg whom we 
have discussed suitable tightening and contact stress with. 
 
The project has been funded by SP, Svenskt Vatten Utveckling, NPG and Kontrollrådet 
för plaströr. 
 
Göteborg, September 2011 
Lars Jacobsson, Hans Andersson and Daniel Vennetti 
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Sammanfattning 
 
Läckor uppträder ibland i flänsförband i rörledningar av plast, i första hand i sådana av 
grövre dimensioner. Sådana rörledningar är ofta vitala för t ex vattenförsörjning, och 
reparationer är kostsamma. En bättre principiell förståelse är viktig eftersom det inte finns 
någon tydlig grund för existerande konstruktioner och monteringsanvisningar, som 
dessutom varierar. 
 
Analys av flänsar av plast, jämfört med sådana av metall, är mer komplex genom att 
materialet är tidsberoende och har mycket lägre styvhet än bordringar och skruvar. Syftet 
med föreliggande studie var att kunna bedöma dels om standardiserade dimensioner 
innebär mindre marginaler då ledningens diameter ökar, dels om anvisningar för 
montering behöver förbättras. 
 
Först gjordes en genomgång med enkla manuella beräkningar, utan beaktande av plastens 
tidsberoende egenskaper, för att bedöma de spänningar som nominellt uppträder i 
utgångstillståndet före trycksättning och drift. Dessa beräkningar är missvisande då det 
gäller att bedöma tryckspänningar i flänsytorna över tid. Det verkar dock vara sådana 
beräkningar som ofta ligger till grund för dimensionering. Värdet i de manuella 
beräkningarna låg främst i att visa att nominella spänningar är likartade för olika 
dimensioner, utom för 630 mm rör, där de är markant högre. Vidare visades att 
trycksättning av ledning, en ger relativt liten påverkan, 10-15 %, på spänningar och 
krafter i flänsen, samt hur mycket styvare skruv och bordring är än plastflänsen. Det 
senare innebär att det i huvudsak är relaxation som står för avlastning av förbandet över 
tid. 
 
Datorsimuleringar (FEM) genomfördes för en modell omfattande både åtdragning av 
förbandet och relaxation och krypning hos plastmaterialet under en driftsfas, och med 
materialdata som hämtats från experiment. 
 
Även om också datorsimuleringarna är approximativa ger de en mycket bättre bild både 
av funktionen i sig hos förbandet och av storlekar hos tryckspänningar över tid. Det visar 
sig att flänsgeometrin innebär att kontakten förloras över stora delar flänsytorna redan vid 
trycksättning och att en i huvudsak triangulär tryckfördelning uppstår över tid, som täcker 
den yttre delen av flänsytorna motsvarande bredden av bordringen och som borde räcka 
för att hålla förbandet tätt. 
 
Man får också en klargörande bild av funktionen hos packningar och hos flexibla, 
profilerade bordringar, och indikation av att återdragning av skruvarna är ett verksamt sätt 
att förbättra förbandets funktion över tid. Det verkar vidare inte finnas någon betydande 
skillnad i funktion, då det gäller flänstryck, mellan SDR 11 och SDR 17 geometrier. 
 
FEM-analysen har visat att intuitiva tankar om orsakerna till bristande funktion hos 
flänsförband i rör av stora dimensioner inte stämmer. 
 
Ökade skruvkrafter och sätt att hålla dessa uppe, genom återdragning efter någon dag 
eller genom flexibla bordringar verka vara verksamma metoder för att förbättra 
förbandens funktion. Mjuka packningar kan vara fördelaktiga för att fördela och utjämna 
trycket i flänsytorna. 
 
När läckage uppstår kan detta bero på att monteringen inte helt följer anvisningar och att 
funktionen är känslig för att detta sker. Det kan också vara svårare att arbeta i fält med 
stora konstruktioner. 
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1 Scope and objective 
 
Experience shows that leaks occur in the flange joints of plastic pipe systems with large 
diameters, despite the fact that standardized dimensions [1] have been used and the 
mounting has been carried out in accordance with instructions and acknowledged practise 
[2], [3]. This is a great concern because these pipe systems are expensive, and they often 
have a vital function in the societal infrastructure, e g for water supply. Further, the repair 
is expensive and time consuming because the pipe normally is underground or submerged 
in water. 
 
The intention of the present study is to find out whether the standard geometries lead to 
joints with smaller safety margins as the pipe dimensions grow, hence making them more 
sensitive, or whether the mounting recommendations have to be improved. 
 
First, to have a principal indication of the functioning of the joints, and to avoid too many 
complicating parameters, manual calculations are performed assuming that the material is 
elastic, but with no time-dependence. This is probably the background for present designs 
in standards and handbooks. Textbooks and general branch handbooks e g [4], [5], do not 
address the details of flange design.  
 
Second, an analysis is made by a specially designed FEM script including time-dependent 
material properties. Since the polyethylene (PE) material has essential visco-elastic 
properties this is deemed necessary to assess properly if the leakages are due to design, to 
mounting, or possibly to operational conditions (including e g unintentional ground 
motions). It also enables comparison with experiments. A particular issue of interest is if 
the flange is significantly unloaded from its pre-stressed condition when the pipe has been 
exposed to internal pressure for some time. 
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2 Essential problems 
 
Some possible sources of problems are the following. They may be present 
simultaneously and influence each other. 
 
Varying principles for tightening of the bolts 
Recommendations and instructions [2], [3], [6] aim at an even compression stress around 
10-12 MPa along the contact between the backing ring and the butt flange. This is 
intended to be achieved in various ways, as by criss-cross tightening, re-tightening after 
4-24 hours, successive tightening in intervals of 20% of the full torque at a time, etc. 
These variations may result from assumptions of different types of gaskets or backing 
rings. Mix-ups may occur and wrong “common practises” may be established. The 
intended stress level will in any case be reduced by visco-elastic relaxation. 
 
Assumed relationship between bolt torque and force 
The theoretical relationship shows a considerable dependence on the friction in the 
threads and at the bolt head. The friction in its turn depends on the materials used, the 
surface treatment, and the lubrication conditions. Still, given that the friction is known for 
a certain combination of bolt material and lubrication, and that the tightening is 
performed with instrumented wrenches, the bolt forces can be controlled with sufficient 
accuracy. 
 
Varying and inconsistent designs for the butt flange 
Looking through some of the standards and suppliers brochures it appears that there are 
variations in the geometry of the butt flange, which may influence the safety margins. 
The variations may be caused by different assumptions of the tightening principle, the 
specific polymer material used, the operating or maximum pressure, and by the design 
calculations.  
 
Different types of gaskets. 
There are essentially three principles for the use of gaskets, resulting in different 
requirements for tightening of the bolts. These are stiff/reinforced gaskets, soft gaskets, 
and O-ring type gaskets. In some designs there are no gaskets at all. If the tightening 
recommendations for different gasket types are mixed up difficulties may emerge. 
 
Design principle 
With short bolts and a solid backing ring of steel the tightened joint acts as more or less 
stiff, and displacements due to relaxation and to pressurizing of the joint occurs mainly in 
the plastic material. However some designs of backing rings are intentionally flexible, 
meaning that there is a more complex re-distribution of stresses and strains due to time 
effects and pressurizing. The precise influence of this is impossible to assess by manual 
calculations and must be checked by e g FEM analysis. 
 
Creep and relaxation phenomena 
These are probably the most important phenomena to investigate. They are mentioned 
and also taken into consideration in mounting recommendations. Still, it seems 
worthwhile to do more work in this area to assess more accurately how the tightening of 
the joint and the subsequent pressurizing influences the stress level in the joint.  
 
In section 4 some of the above issues are treated approximately by elastic manual 
calculations, in order to assess order of magnitude stresses and see how they are related to 
the material properties and to the stresses from pressurization and from temperature 
effects and unintentional bending of the complete pipeline. In section 6 more precise 
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FEM results are presented, to reveal possible weaknesses in design and mounting 
principles, and to compare with and evaluate the manual calculations. 
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3 Previous work on flange joints 
 
Several FEM analyses of flange joints have been performed. In order to save computer 
time they use without exception the axial and radial symmetry conditions so that only one 
of n symmetrically situated bolts and its surroundings is modelled. Such analyses have 
been performed by e g Abid [7], Estrada and Parsons [8], and Krishna [9]. These studies 
are for metals or fibre reinforced materials, and related to problems of gaskets and of 
temperature and creep in pressure vessel technology. 
 
An initial literature survey has not revealed significant, publicly open FEM-results for 
plastic pipelines  focussing on time dependence. Such results would be of great 
significance since the problem area is different for plastic pipes due to the strongly 
different relationship of stiffness between the plastic flange material and the bolt and 
backing ring made of steel. Also non-linear material behaviour, creep at ambient 
temperature, and the relationships between the influence from internal pressure, 
unintentional bending and temperature changes are different. 
 
Suppliers, like UPONOR, KWH etc, provide technical information on products, 
calculation support and courses, but no open information on the background for the 
design of their products. Such information is lacking even in the main reference 
work [10]. Some suppliers, e g [11], of flexible backing rings, state that their products are 
based on FEM analyses, but the codes are not available in the literature. In [11] flexible 
backing rings and wide flanges are recommended. 
 
Akatherm [3] markets a profiled backing ring arguing that FEM simulations shows that 
any “thermoplastic cold flow” (relaxation) is compensated for by its springiness, and also 
that the final torque shall be applied by cross-tightening and by applying only 20% of the 
full torque at a time. 
 
Material properties for plastic materials can be found in several publications and 
suppliers´ catalogues [12], [13] and they are fairly consistent, although normally given for 
varying or multiaxial stress states, as bending of test specimens or internal pressure of 
pipes, or in other implicit ways, e g as creep modules.  
 
In [2] recommended torques are given together with advice that the procedure is a 
craftsmanship which has to be learnt. It is also noted that there will be relaxation during 
the first year of the pressure in the butt flange to about 35% of the original one, and that 
this shall be sufficient to withstand the pressure in the pipe and other, unintentional loads 
without risk for leakage.  
 
Most recommendations give advice on the criss-cross order in which to tighten the bolts, 
and also that the bolts should be re-tightened after a period of one or two days. This is 
also suggested in the Swedish directives for field installations [14]. 
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4 Simplified modelling of the mechanics of a 

flange joint 
 

As mentioned, a joint with n bolts can be analysed by considering just one bolt and its 

surroundings using the symmetry conditions. In addition to the bolt there is the backing 

ring, the plastic pipe end with its stub end, and the gasket. 

 

This system can as a first approximation be modelled as two pre-stressed elastic springs, 

see Figure 1, the steel bolt and backing ring (black) in tension, and the plastic stub end 

(green) in compression, neglecting the thin gasket. The crucial points in modelling the 

plastic part are on one hand the choice of an effective area for the spring function, and on 

the other hand the influence from the pressurizing of the pipe.  

 

It is clear that such a model must be modified by time dependence because it is known 

[12] that the material is creeping significantly at the stress levels of interest, 10-15 MPa. 

In e g [2] relaxation curves reveal that the stress levels in a flange joint decreases to about 

35% from initial values around 10 MPa during one year.  Still, an elastic analysis is of 

interest as it shows the basic mechanics of the joint, and because this, basically erroneous, 

approach is the one generally used in everyday reasoning. 

 

In the following, the nominal pipe diameters 400 and 630 mm are used as examples, and 

for the pressure class PN 10. 

 

The Young´s modulus E is assumed to be around 1000 MPa for PE 80-PE 100 materials, 

and the Poisson´s ratio is taken to be 0.4.  

 

 

 
 

Figure 1 Simplified model of a flange joint. Green thick lines illustrate the plastic 

stub end and black lines illustrate the steel bolt and backing ring. 
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4.1 Stresses in the butt flange, and torque vs force 
relationship 

 
With reference to Figure 1 the dimensions of relevance for the calculations are given in 
Table 1. As is seen there are some differences between sources of data, but they are not 
considered significant for design except for the 630 mm pipe. Most producers (as 
UPONOR, KWH, Pipelife) adhere to the ISO dimensions [1] for diameters and other 
measures of flanges.  
 
A1 and A2 are the areas in contact with the backing ring and the stub end areas 
respectively normalized per bolt. They are calculated as  
 

A1=
π
n
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respectively. The number of bolts is denoted as n. 
 
 
Table 1 Butt flange and backing ring measures. The numbers in the brackets are 

examples showing deviations from ISO measures in catalogues. 
 
Dnom n D4 D5 A1 D0 A2 L H 
400 16 482 427 

(430) 
2411 327 6120 50 

(46) 
32 

630 20 685 642 
(640) 

2186 515 7993 50 
(80) 

35 
(44) 

 
 
Next, the bolt forces are considered. In the first stage of loading, i e tightening the bolts, 
the pre-stress is obtained using the relationship between the torque, as given in mounting 
directions, and the resulting force. This in turn gives the load condition in the plastic 
flange.  
 
A crucial point is of course the relationship between torque and bolt force. Several 
sources, e g the handbook [15] give the general formula  
 

)5.058.016.0( 2 mug DdPFM μμ ++=  
 
where P is the pitch of the bolt according to Table 2, μg  is thread friction, d2 is thread 
mean diameter, see Table 2, μu  is friction between bolt head and flange, and Dm is a mean 
diameter for the ring shaped contact area between the bolt head and the flange. 
 
For metric (M) bolts, lubricated or electrolytically treated (corresponding to friction 
coefficents being both approximately 0.15), and with M=AgenF, Agen-numbers are given in 
Table 2, where M is torque in Nm and F is force in kN.  
 
 
Table 2 Values for general evaluation of the torque vs force relationship. 
 
Dnom Bolt Agen P (mm) d2 (mm) 
400 M24 3.9 3.0 22.1 
560/630 M27 4.5 3.0 25.1 



14 

 

These A-values can be compared with the results from a rule-of-thumb formula 
 

DFM ⋅⋅= 2.0  
 
where D is the nominal diameter of the bolt. This formula corresponds to friction 
coefficients around 0.2. Using this and also adding recommended torques from two 
suppliers, Akatherm and KWH Pipe Canada in square brackets, the bolt forces can be 
calculated, Table 3. 
 
Using the more conservative force data Fthumb together with the areas A1 and A2 the mean 
stresses at the lower and upper surfaces of the plastic butt flange are found according to 
Table 4 . 
 
 
Table 3 Data for calculation of bolt forces in butt flange area. 
 
Pipe dia Bolt Agen Athumb Maka (Nm) Fgen (kN) Fthumb (kN) 
400 M24 3.9 4.8 120 [145] 30.8 25.0 [30.2] 
630 M27 4.5 5.4 220 [200] 48.9 40.7 [37.0] 

 
 
Table 4 Mean pressures at stub end, in MPa, after tightening of bolts. 
 

Pipe diameter Lower surface Upper surface 
400 10.3 4.1 
630 18.6 5.1 

 
It is astonishing that there is such an increase in stress for the 630 mm data. Analysis of 
dimensions 200-400 mm give homogeneous results, i e  at the backing ring the levels are 
around 10-12 MPa with an obvious risk for creep or relaxation. At the upper surface, in 
the contact with the gasket and the mating stub ends the mean design pressure seems to 
be around 4 -5 MPa. However the distribution over the surface can be expected to be 
highly uneven, due to the geometry and due to the properties of gaskets. The time 
dependent relaxation means significant decrease of these stress levels. This should be 
possible to model sufficiently well by FEM simulations. This is vital since the essential 
problem is to ensure that compression stresses at this surface are sufficient to prevent 
leakage when the pipeline is pressurized. 
 
4.2 Stiffness of the flange joint 
 
A basic understanding of the flange joint includes an analysis of the stiffness of the 
bolt/backing ring and the butt flange. 
 
The elastic spring constants for the plastic (neglecting the gasket) part and the steel bolt 
part (assuming that the backing ring is rigid) are approximately calculated as K = EA/L 
where data are taken from Table 1 for the plastic part. Here two extreme choices can be 
made for embedding of the real situation. Either it is assumed that only the area A1 takes 
part as a compressed spring or that the spring is “conical” with an upper surface A2, see 
Figure 1.  In the latter case, surely an upper limit, an equivalent mean area is 
 

)1/arctan/1/( 12121 −−= AAAAAAeq  
 
This gives the values in Table 5.  
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Table 5 Areas for calculating spring constants in the plastic part of the joint. 
 

Pipe diameter Aeq (mm2) A1(mm2) L (mm) 
400 3460 2411 50 
630 2900 2186 50 

 
The data for the bolts are shown in Table 6. 
 
 
Table 6 Bolt characteristics. 
 

Pipe diameter Bolt A (mm2) L (mm) 
400 M24 380 82(50+32) 
630 M27 495 85 (50+35) 

 
Using the Aeq-values, in order to make the plastic spring as stiff as possible, and with E in 
the plastic material equal to 1000 MPa, and E in the steel equal to 200 000 MPa the 
spring constants become (in kN/mm), Table 7. Here it is assumed that the backing ring is 
rigid. 
 
 
Table 7 Resulting spring constants. 
 

Pipe diameter Kplastic Kbolt Kbolt/Kplastic 

400 71 930 13 
630 59 1160 20 

 
This shows that the flange joint functions as if the steel parts are more or less rigid, and 
that time dependent deformation of the plastic under the applied pressure is essentially 
attributed to relaxation. The pressure at the backing ring is originally in the range of 10 -
18 MPa. These pressures, will certainly lead to relaxation [12]. They correspond to the 
1800-2400 psi which are shown in [2] to lead to a relaxation down to 35% of the original 
stress. 
 
It should be noted that FEM calculations reveal that the backing ring has some flexibility, 
and are not at all rigid. Backing rings that are designed to be flexible have been suggested 
by some manufactures, e g [3].  
 
This would contribute to lower the Kbolt considerably and motivates a special 
investigation with the FEM script. 
 
4.3 Modelling of the pressurizing of the pipeline 
 
Pressurizing the pipeline implies that a stress p is imposed on the inner wall of the pipe 
and that there will be a force acting at the cut-off pipe surface 
 

4

2
0D

pnPPpressure
π

== , 

 
where P is the force acting on a one-bolt section of the pipe and joint. 
 
A crude model for the influence of this force on the flange joint is obtained by assuming 
that it is transferred continuously into the plastic spring as a distribution p(x), 0 < x < L, 
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along the dotted line in Figure 1 and keeping this line parallel to the pipe wall, also 
implying that the stiffness of the spring is constant along its length, and that the 
conditions are essentially elastic.  
 
Then the plastic spring part of the joint is exerted to a residual force from the top end F0 
and the distributed force p(x). This gives a changed compressive displacement 
 

∫∫+=Δ
xL

plasticplastic
plasticnew dxdxxp

Lkk
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00
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with Pdxxp
L

=∫
0

')'( . Using a uniform distribution p(x) = P/L one obtains 
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2
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0,
PF

k plastic
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The factor 1/2 is maintained for symmetric, e g a parabolic, distributions of p(x). It is 
closer to unity for distributions where most of the force is applied high up in Figure 1, for 
small x-values. 
 
The force applied at the backing ring, for x = L, is F0+P and hence the changes of 
deformation at the plastic and the steel parts, which have to be the same will be 
 

( ) ,11
2

1
00 F

k
PF

k
PF

kk
F

steelsteelplasticplastic

−+=⎟
⎠
⎞

⎜
⎝
⎛ +−  

 
where F is the original force acting in the pre-stressed joint. With steelplastic kk /=β  the  
following expression is obtained for the residual compression force F0 at the joined 
surfaces 
 

PFF
β

β
+

+
−=

1
)2/1(

0  

 
Although this expression is based on crude estimations it gives a principal understanding 
of the effects of applying a force from the pipe end to the butt flange area and of the 
relationship of the stiffness in the bolt and backing ring and in the plastic butt flange 
respectively. It is of course of great interest to compare with FEM solutions and 
experiments, not least to get a picture of the distribution of stresses along the joining 
surface where the gasket has an influence. 
 
For the pipe dimensions used as examples and for PN10 (p = 1 MPa) the P- and F0-values 
are as shown in Table 8 where also the previously calculated F- (Fthumb, giving the 
conservative estimate) and β -values are included.  
 
Table 8 Change of compression force at joint in simple elastic model. 
 

Pipe diameter F (kN) β  P (kN) F0 (kN) 
400 25.0 0.05 5.2 22.3 
630 40.7 0.04 10.4 35.3 
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With the small β-values characterising the joint the reduction in force at the joining 
surfaces is seen to be around P/2 which is 10-15%, i e a rather modest influence from the 
pressurizing of the pipe. 
 
4.4 Other forces influencing the pipe line 
 
In addition to the pressurization, the joint may be exposed to other stresses, e g from 
unintentional bending of the pipe line, to a curved shape with radius R, and from 
temperature changes, ΔT. Then further forces are imposed on the most stressed bolt 
sections giving a total force of 
 

,22 2

n
TErt

nR
tErPPtot

Δ
++=

αππ
 

 
where r is the mean radius of the pipe, t its wall thickness, E the Youngs´ modulus, and n 
the number of bolts. 
 
The radius R of the pipe line has been chosen as a measure of the bending effects, since 
this is most easily assessed in field applications. For the plastic material α is 
approximately 0.0002 1C−° . This type of loads should be considered when assessing the 
archetype FEM cases run and presented below in the sections 5-6. 
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5 The FEM model 
 
In order to get a more accurate picture of the stresses and deformations in a flange joint, a 
FEM script has been developed [16] using the commercial FEM-code ABAQUS [17]. 
The model is comprised of a “cake shaped” structure, i e one n:th of a flange joint making 
use of the symmetries. See Figure 2. 
 

 
 
Figure 2 The part of the flange joint comprised by the FEM model.  
 
 
The script hence comprises a model of the bolt, the backing ring, the plastic pipe with the 
flange and a part of the pipe of the length of three times the butt flange length , and a 
gasket. There is no clearance modelled between the bolt and the hole in the backing ring. 
All dimensions may be chosen so that a more or less arbitrary flange joint geometry may 
be modelled.  
 
Likewise, the material properties in the different parts may be modelled appropriately. In 
particular, the plastic material can be modelled as elastic plastic with elastic unloading, 
and the gasket may be given hyper-elastic, rubber-like properties.  Time dependence in 
the plastic material is included using a strain hardening formulation of creep. 
 
The loading is in principle performed in two steps. First the bolt is shortened, simulating 
the tightening, producing a pre-stress condition in the structure corresponding to the force 
produced by the prescribed torque. After that, pressurization is modelled by applying a 
uniform pressure at the inner radius of the pipe and the gasket area, and in addition a 
stress at the cut-off pipe end modelling the influence of the pressure. 
 
The symmetry boundary modelling the stub end surface is fixed axially and free to move 
radially, and nodes on the other symmetry planes are fixed circumferentially but free to 
move radially and axially. 
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6 Simulations 
6.1 Material models and loads 
 
Material 
The material is modelled to simulate a typical PE 100 material (Hostalen). The time 
independent part (immediate response) is non-linear elastic using Young´s modulus 
E=1090 MPa, Poisson´s ratio ν=0.4 and a yield limit of 12 MPa. The strain hardening 
formulation of time dependence, creep and relaxation, is 
 

( )[ ] )1/(1
)1(

+
+=

mm
c

nc mA
dt

d
εσ

ε
 

 
This formulation gives a good representation for varying load conditions [18]. The 
parameters A, m, and n are evaluated using experimental data from short time (48 and 96 
hours) in-house relaxation tests in uni-axial compression with circular specimens of 
height 57 mm and diameter 30 mm. Using a curve fitting procedure where experimental 
points were picked out from t = 0.001 to 100 h parameter values were extrapolated 
assuming straight lines going from sigma(t= 100 h) to sigma(t = 10000 h) for experiments 
with initial  stress levels 6, 10, and 14 MPa. The parameters were obtained as A =  
0.65x10-5, m= -0.74 and n =  1.41, with σ in MPa and t in seconds. The fit is rather good, 
see Figure 3. 
 
The gasket is assumed to be hyper-elastic using the Ogden formulation of strain energy 
density, with a Poisson´s ratio of 0.475 and using uniaxial test data for a typical gasket 
material [19]. Characteristic uniaxial data are given in Table 9, with stress in MPa. The 
material is much softer than the plastic. 
 
The steel parts are elastic with Young´s modulus E=200 000 MPa and Poisson´s ratio 
ν=0.3. The backing ring is modeled as solid, but in order to model profiled, ”soft” 
backing rings, the bolt material is in some of the simulations instead given a smaller 
Young´s modulus.  
 
 
Table 9 Stress-strain characteristics for gasket model material. 
 
Strain -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 
Stress -11.6 -8,7 -6.2 -4.1 -2.0 0.0 2.0 4.0 6.1 8.3 10.5 
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Figure 3 Plot showing parameter calibration and extrapolation. The straight lines 

represent the A-, m- and n-values found.  
 
 
Loads 
For the bolts the rule-of-thumb formula  
 
M = F 0.2 D  
 
is used, where D is the nominal diameter of the bolt in mm, M is torque in Nm and F is 
force in kN . This formula corresponds to friction coefficients around 0.2. Using this and 
also adding recommended torques (KWH Canada, see Table 3) the forces in Table 10 are 
obtained. The forces in brackets are used throughout in the FEM runs. 
 
Finally, the hydrostatic pressures applied in the simulations are chosen according to the 
class PN 10, i e 1 MPa corresponding to 10 bars. 
 
 
Table 10 Forces used in FEM-calculations. 
 

Pipe diameter Bolt M (Nm) F (kN) 
400 M24 120 [145] 25.0 [30.2] 
630 M27 220 [200] 40.7 [37.0] 
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6.2 Geometries and configurations 
 
In order to get an impression of the effects of the several geometries and load conditions 
possible to vary, a limited choice of FEM simulations have been performed. 
The geometry of the simulations is referred to Figure 4, where all measures are defined. 
Important parameters are the SDR number (relative wall thickness in the tube,  
(2dn/(dn-D0)), gasket configuration, flange width (D4-D5) and height (h3), and effective 
stiffness of the bolt/backing ring. 
 
6.3 First trial runs 
 
As pilot simulations, two runs were made for the problematic 630 mm pipe, with the 
commonly used SDR 11 dimension. This corresponds to a thicker pipe with smaller 
stresses in the pipe, but with a small ISO flange giving high stresses in the flange area. In 
order to get as clean-cut results as possible both were run with a stiff and thin steel gasket 
covering the whole flange area, to a total time of 10 000 hours, and the second one with 
re-tightening of the bolt after 48 hours. 
 
The measure h3=80 mm is bigger than the ISO measure, corresponding to measures given 
by the supplier UPONOR. All measures used are shown in Table 11. 
 
The FEM simulation gives all stresses and displacements in all nodal points and they can 
be displayed in overall figures or in tables and diagrams. Hence a choice has to be made 
to sort out and present the pertinent information.  
 
With reference to Figure 4 the measures are the following, in mm. 
 

 
 
Figure 4 Measures defining the geometry of the flange joint in the FEM 

simulations.  
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Table 11 Geometries used in first FEM simulation. Dimensions are given in mm. 
 
dn D0 D4 D5 h1* h3 nr** D6 D7 h4 D D1 D2 D3 t h2 
630 515 685 645 110 80 20 645 685 3 780 30 645 725 44 -- 
(*)  The total pipe length included in the FEM model is chosen to be 3 times the butt 

flange length h1. 
(**) nr is the number of bolts. 
 
The result of main interest is of course the stress (pressure) distribution along the surface 
of the joint as a function of time. Further it is of interest to have an overall view of 
stresses and displacements. These results are given in Figures 5 and 6 for the first case 
with just one tightening of the bolt. 
 
In Figure 5 the distance is normalised, and with the outside of the joint to the left. The 
measure D5 corresponds to the normalised distance 0.24 in the figure. In Figure 6 the 
outside of the joint is to the right. 
 

 
 
Figure 5 Plot of the sealing pressure along the mid-section of the FEM model .Only 

one tightening of the bolts.  
 
 

 
 
Figure 6 Overall views of axial (vertical) stresses, and of displacements 

exaggerated 3 times. Only one tightening of the bolts. Left: Directly after 
applying pressure (Time = 0 hrs); Right: After 10000 hrs.  
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Figure 7 Plot of the sealing pressure distributions with re-tightening of the bolt.  
 
 
From Figure 5 and 6 it is seen that the contact is lost along a large part of the joint already 
from the beginning of pressurization of the pipe and that most of the relaxation takes 
place for short times. There is just a small change between 1000 and 10000 hours. Most 
of the load is transferred directly from the backing ring vertically to the joint. For 
comparison the recommended mean pressure for PN 10 pipe joints (2 MPa) is shown as a 
yellow line. The sealing handbook [20] proposes that the sealing pressure for a gasket 
must at least be two times the internal pressure of the fluid to have no leakage. 
 
Obviously the design is not a satisfactory one, and elastic calculations of mean pressures 
are quite misleading. This becomes even more evident looking at Figure 6. Here it is seen 
that the combined action of vertical forces and creep expansion of the pipe acts to bend 
the joint, “wring the flange out of the backing ring”, and concentrate the load to a pair of 
line forces (the dark points in the right part of the Figure for 10000 hours).  
 
In Figure 7 the pressure distribution is given as a comparison for the case with a re-
tightening of the bolt after 48 hours. Here it is interesting to note that there is an 
improving effect of re-tightening, since so much relaxation, and strain hardening, occurs 
already during the first two days. From the Figure it is seen that the pressure after re-
tightening is about the same after 1000 hours as it is after first 48 hours of the first 
tightening. 
 
6.4 Runs to investigate the influence of changes in 

design 
 
In order to get the most characteristic results out of as few runs as possible (each one 
requires 12 – 24 hours of computer time) it was chosen to use the SDR 17 geometry 
because this implies the highest stresses in the pipe structure. Further, the simulated time 
was limited to 1000 hours, because the initial results indicate that the main relaxation 
effects have already occurred at that time. As before, PN 10 loading and PE 100 material 
were applied, with bolt forces 30.2 kN for 400 mm pipe and 37 kN for 630 mm pipe. 
The following simulation cases were run. 
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1. One 400 mm pipe joint, in order to have a reference case where problems of 
leaking joints have not been reported. No gasket. 

2a. One 630 mm pipe joint, for basic comparison with the SDR 11 case and with 
the 400 mm case. No gasket. 

2b. One 630 mm pipe joint with simulation of a commercial rubber gasket [19]. 
2c. One 630 mm pipe joint with bolts having just 10 % of the real stiffness, “soft 

bolts” in order to simulate the principal effect of profiled backing rings, giving 
creep instead of relaxation as the basic mechanism. No gasket. 

2d. One 630 mm pipe joint with wider (KWH) flanges, in order to see whether   this 
means an improvement. No gasket. 

2e. One 630 mm pipe joint with as well wider flanges as “soft bolts” and a gasket  
 

For these cases the dimensions were according to Table 12, with reference to Figure 4. 
 
 
Table 12 Geometries used in main FEM simulations. Dimensions are given in mm. 
 
Case dn D0 D4 D5 h1* h3 nr** D6 D7 h4 D D1 D2 D3 t h2 

1 400 352.6 482 430 113 46 16 - - - 565 26 430 515 32 51 
2a 630 555.2 685 645 140 50 24 - -  780 30 645 725 44 74 
2b 630 555.2 685 645 140 50 24 645 685 6 780 30 645 725 44 74 
2c 630 555.2 685 645 140 50 24 - - - 780 30 645 725 44 74 
2d 630 555.2 725 645 140 75 24 - - - 835 30 645 770 50 49 
2e 630 555.2 725 645 140 75 24 645 725 6 835 30 645 770 50 49

 
The most pertinent information is of course the pressure distribution at the joining 
surfaces and the decrease of bolt force as a function of time. The pressures along the 
centre lines of the sector-shaped surfaces are shown in Figure 8 for the six cases. Due to 
symmetry there is only small variations at the sides of the centrelines of the “cake piece” 
shaped FEM geometry. As before, the recommended mean pressure of 2 MPa is shown 
for comparison. The scale is normalised. 
 
Comparing case 1 with case 2a, Figure 8a and 8b, it is seen that the 630 mm pipe seems 
better than the 400 mm pipe for the SDR 17 geometry although both loose contact over 
large parts of the joint area. The decline in pressure with time is similar. The bolt force 
gives a higher initial pressure for the 630 mm pipe and results in a higher maximum end 
pressure.  



25 

 

 
 

Figure 8a Pressure distribution for case 1, the 400 mm pipe without a gasket.  

 

 

 
 

Figure 8b Pressure distribution for case 2a , the 630 mm pipe without a gasket. 

(Note the difference in colours of the curves as compared to Figure 7a.) 

 

 

Comparing Figure 8b with Figure 5 it is also seen that the SDR 17 geometry gives a 

higher maximal final pressure, 13 MPa, than the SDR 11 geometry, 7 MPa, after 1000 

hours. (Note that the flange is relatively smaller in Figure 5 than in Figure 8b.) 
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Figure 8c Pressure distribution for case 2 b , the 630 mm pipe with a gasket at the 

flange.  

 

 

Figure 8c shows that the insertion of a gasket results in a wider remaining pressure 

distribution, but with a slightly smaller maximum, as compared to Figure 8b.  

 

(The pressure of 1 MPa is the internal pressure in the pipe possible to model when there is 

a separation of the joint surfaces from the beginning of the simulation. This was not 

possible to simulate in simulations without a gasket. For these cases, 1, 2a, 2c and 2d , the 

opening of a wedge at pressurizing would mean a slightly worse pressure distribution. 

The effect of this could be estimated by making a run of a case with gasket but without a 

pressure on the joint surfaces.)  

 

Introduction of a softer bolt, simulating a profiled, more deforming backing ring, case2c, 

shown in Figure 8d, reveals a smaller improvement of the pressure distribution than 

might be expected. This may be explained by the fact that this case means a reduction in 

stiffness of a factor 10 while, as calculated in section 4.2 the relationship between the 

elastic spring constants is 20. This would mean that a backing ring that could really keep 

up the pressure should be very flexible, see also [3]. 

 

The effect of wider flanges than the ISO ones, case 2d, is shown in Figure 8e. This means 

a clearly different situation where the maximum remaining pressure is much smaller than 

in the cases 2a and 2c , but on a larger part of the surface. This is due to the lower mean 

pressure on the backing ring. 
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Figure 8d Pressure distribution for case 2c showing the effect of a simulated 

profiled backing ring.  

 

 

 
 

Figure 8e Pressure distribution for case 2d showing the effect of wider flanges.  

 

 

Finally, the case 2e is a combination of wide flanges with soft bolts and a gasket, just to 

demonstrate the combined effects. The pressure distribution is shown in Figure 8f. 
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Figure 8f Pressure distribution for case 2e showing the combined effect of wider 

flanges, a gasket and simulation of a flexible backing ring.  

 

 

As in case 2b there are effects of the gasket, and of the internal pressure at the free joint 

surfaces. The maximum pressure is also lower due to the wide flanges, but there is a 

pressure exceeding 2 MPa over a larger part of the joint surface. 

 

6.5 Additional results 
 

Next, the development of the bolt forces with time is shown in Figure 9 for all the cases. 

The two levels indicated by straight lines to the left of time zero are not related to time.  

 

The first part shows the bolt forces at tightening and should be 30.2 kN for case 1 and 

37 kN for all other cases. The deviation is due to simulating the tightening of the bolt by 

shortening it in the FEM model, and thus stretching it a bit. This is a trial and error 

procedure and could be improved slightly. 

The second part shows the bolt forces after pressurizing, at “time 0”. The change is due to 

the interaction of three effects of pressurizing.  

 

 In the case with a gasket, 2b and 2e, the force is increased by the pressure at the 

free joint surfaces 

 The load at the cut-off pipe, simulating the longitudinal force in the pipe wall 

increases the bolt load further in all cases. 

 The pressure introduced perpendicularly to the pipe wall will create a 

circumferential stress (approximately according to the “pressure vessel formula” 

pr / t) 

This in turn will give a negative axial strain due to the Poisson effect, shortening 

the length of the compressed flange, which will result in a decreased bolt force.  
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Figure 9 Development of bolt forces at loading steps and as a function of time 

under pressurized conditions.  

 

 

These variations in the bolt forces at the start of relaxation, and during service life of the 

pipe line, is an important result and should be taken into account when assessing the 

results in Figure 8a –f. 

 

From Figure 9 it is particularly noted that smaller initial bolt forces lead to approximately 

the same relative amounts of relaxation.  I e it is not favourable to decrease the bolt 

torque at mounting flange joints. Further, it is seen that the bolt forces in  the present 

modelling are reduced by around 50% after 1000 hours, as compared to 65% after 50000 

hours in [2]. 

 

Another result of interest is the profile of the pipe wall. The radial displacement is shown 

in Figure 10 for the case 2a, which is typical. 

 

Already the tightening of the bolts introduces a slight disturbance. When the pressure is 

applied the pipe expands elastically, and after 1000 hours there is a visco-elastic creep of 

5.4 (7.2 – 1.8) mm, which corresponds to around 1.7%. This compares favourably with 

experiments presented (Figure 6.2.4) in [11] which give 1.8% for the stress level 8 MPa 

also valid in the FEM runs. It may be noted that the “wringing” and over-shoot effect 

caused by the higher stiffness of the joint area are limited to a length of 0.3 m of the pipe,  

i e one radius. This is to be expected according to the so called St Venants´principle, a 

rule of thumb in solid mechanics theory for the extent of local disturbances. 
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Figure 10 Radial displacement, expansion, of the pipe.  
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7 Summary and conclusions 
 
Because analyses of flange joints in polymer pipelines are scarce, and because problems 
have appeared in applications, predominantly in larger pipes, it was found worthwhile to 
perform an independent investigation. This has been both analytical, following the 
principles of elastic analysis most often referred to in everyday reasoning about design, 
and numerical, with realistic FEM simulations of the time dependent behaviour of 
polymers. 
As expected, it was found that the simplistic manual calculations are quite misleading 
when it comes to the assessment of compression stresses at the joint surfaces over time. 
The main value of elementary manual analysis is in the assessment of the relative 
stiffness of the bolts and backing rings on one hand and the polymer flange on the other 
hand, showing that the steel parts are much stiffer and that the time process is one of 
relaxation rather than creep. The manual analysis shows that there seems to be a 
disproportion in the design of the 630 mm pipe in relationship to smaller dimensions. 
This is also the pipe dimension where problems have been most frequently reported. 
Further the relationship between the torque and the force in the bolts has been assessed in 
detail, and the introduction of forces from pressurizing the joint has been analysed.  
 
When it comes to the numerical FEM simulations it should be borne in mind that both the 
material model and the geometry includes some approximations. The material behaviour 
is from short time experiments and do not precisely mirror the stabilization of the pipeline 
at very long times. The bolt and backing ring, and the gasket when applied, are given as 
approximate models. Hence the results should be seen as indications of principal effects 
rather than giving exact numerical values. Still, they are thought to be much better than 
what can be obtained by manual, elastic calculations, and they should be valuable as part 
of the background for improved design of flange joints. 
 
Some main conclusions from the FEM simulations are the following. 
 

• The geometry of the flange joint means that the contact is lost over large parts of 
the flange surfaces already at pressurizing and for all investigated cases. What 
remains is the bending effect of a pair of ring forces giving a concentrated 
pressure at the outer boundary of the flange.  

• For longer times there is triangular distribution of pressure approximately of the 
width of the backing ring and with a maximum value of around 10-13 MPa; as 
compared to the 2 MPa mean pressure recommended for PN 10 pipes.+ 

• The strain hardening properties of the pipe material means that most of the visco-
elastic effects develop during the first 50 -100 hours, and that the principal long 
time effects can be assessed after 1000 hours. 

• This means that re-tightening of the joint after 48 (or even 24) hours is one of the 
few possibilities to have an effective long time improvement of the sealing 
pressure at the joint. 

• There does not seem to be a general positive effect on the sealing pressure of 
having a SDR 11 geometry (thicker pipe) as compared to the SDR 17 geometry, 
although the thinner pipe expands much more. This may seem astonishing but 
may be explained by the increased bending effect also increasing the maximum 
pressure. 

• The higher mean pressures found by the manual calculations for the 630 mm pipe 
seem to be beneficial for the long time sealing pressure as compared to the 
400 mm pipe. The strain hardening properties of the material means that a high 
starting pressure keeps up the sealing effect longer; this important principal 
property is indicated also in Figure 9. 
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• The effect of a gasket is to distribute the bolt force more evenly, and to about 
40 % of the flange width, but the maximum pressure is slightly lower. It is noted 
that the presence of water pressure in this case slightly alters the comparison with 
the other cases. 

• The simulation of a profiled, “softer” backing ring, maintaining the pressure 
better and changing the process from relaxation to more of creep, indicates an 
improvement. The bolt and backing ring have to be even softer than in the 
example case 2 c with a 10 times softer joint. In the manual calculations an initial 
relationship of the stiffnesses of the polymer and steel parts is 20 and this should 
be useful as a rule of thumb value. It is important to note that the design must 
prevent the backing ring from tilting thus concentrating further the stress to the 
outer surface of the flange. 

• The use of wider flanges changes the situation principally. It lowers the initial 
mean pressure, if the bolt forces are not increased accordingly, but increases the 
pressurized surfaces.  

So, the FEM investigation has revealed that many of the initial thoughts about reasons for 
inferior functioning of large size flange joints in plastic pipes are not well founded. The 
dominating feature of such a joint is that pressurizing the joint over time separates the 
surfaces except at the outer parts where the backing ring acts. The moments created tend 
to “wring” the stub end out of the backing ring and the pressure profile is more or less 
triangular. 
 
The most efficient way to improve the joint is to increase the bolt force and to keep it up, 
by re-tightening or/and flexible backing rings. Gaskets, soft ones, may be beneficial for 
reducing unevenness of the plastic joint surfaces and widen the pressurized surfaces. 
The poor performance of some 630 mm pipes has to be found from other reasons than the 
design and nominal mounting recommendations. The margins are, however small and the 
principal design is a sensitive one. Causes of leakage may be secondary ones , as 
deformation of the pipe line due to temperature changes, or unintended displacements. 
The mounting procedure may also have been erroneous. 
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