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Foreword 

This document (CEN/TS 1591-3:2007) has been prepared by Technical Committee CEN/TC  “Flanges and 
their joints”, the secretariat of which is held by DIN. 

EN 1591 "Flanges and their joints — Design rules for gasketed flange connections" consists of the following 
three parts: 

 Part 1: Calculation method

 Part 2: Gasket parameters

 Part 3: Calculation method for metal to metal contact type flanged joint (CEN/TS)

 Part 4: Qualification of personnel competency in the assembly of bolted joints fitted to equipment sub-
ject to the Pressure Equipment Directive

According to the CEN/CENELEC Internal Regulations, the national standards organizations of the following 
countries are bound to announce this Technical Specification: Austria, Belgium, Bulgaria, Cyprus, Czech Re-
public, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithua-
nia, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Swe-
den, Switzerland and the United Kingdom. 

CEN/TS 1591-3:2007
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Introduction 

Bolted Flange connections with metal to metal contact are frequently used in industrial plants for severe work-
ing conditions (thermal transients, pressure fluctuations). The use of metal to metal contact allows to avoid the 
damage of the sealing component by limiting the gasket loading stress and to limit the load variations on the 
gasket. 

This Technical Specification describes a calculation method which enables to determine the internal forces of 
the BFC in all the load conditions. It ensures structural integrity and control of leak-tightness in BFC with MMC 
(BFC types which are outside the scope of EN 1591-1). 

The calculation method may be divided into three steps: 

Determination of the bolt tightening to reach the MMC. 

Determination of the bolt tightening to maintain the MMC and to satisfy the leak-tightness criteria in all the load 
conditions. 

Checking of the admissibility of the load ratio. 

CEN/TS 1591-3:2007
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1 Scope 

The aim of this Technical Specification is to describe a calculation method dedicated to Bolted Flange Con-
nections (BFC) with metal to metal contact (MMC). It is dedicated to BFC where MMC occurs in a region be-
tween the outside diameter of the gasket and the inside diameter of the bolt hole region. For MMC inside the 
gasket and for MMC outside the bolt hole region, the present method is not appropriate. 

The calculation method proposed in this Technical Specification is mainly based on the method described in 
EN 1591-1, dedicated to floating type BFC. The behaviour of the complete flanges-bolts-gasket system is 
considered. In assembly condition as well as for all the subsequent load conditions, the BFC components are 
maintained together by internal forces. This leads to deformations and forces balances (see Annex F) which 
gives the basic relations between the forces variations in the BFC. 

The calculation of BFC with MMC leads to the consideration of an additional force compared to the EN 1591-1 
calculation method: the reaction force in the MMC area. It explains why two compliance equations are re-
quired in this Technical Specification (in the EN 1591-1 calculation method just one compliance equation is 
needed to determine the internal forces in all the load conditions). 

Unlike EN 1591-1 where the internal forces variations are determined with the compliance relation between 
the assembly and the considered load condition, here, the internal forces variations are determined by using 
the compliance relations between two consecutive load conditions. 

This method does not treat non-gasketed pipe joints. 

1.1 Requirement for use of the Method 

Where permitted, the Method is an alternative to design validation by other means e.g. 

 special testing;

 proven practice.

 Use of standard flanges within permitted conditions

1.2 Geometry 

The Method is applicable to the configurations having: 

 flanges whose section is given or may be assimilated to those given in Figures 4 to 12 of EN 1591-
1:2001;

 four or more identical bolts uniformly distributed;

 gasket designed for MMC application;

 flange dimension which meet the following conditions:

a) 05200520 ,/,;,/, LLFF ≤≤≤≤ ebeb

b) ( ){ }3
02 100010max FBBBF /,...,;; bppdee ⋅⋅≥

c) ( )SSS /,/ ed⋅+≥ 01011cosϕ

NOTE 1 For explanations of symbols see Clause 3. 

NOTE 2 The condition 05,/ FF ≤eb needs not to be met for collar in combination with loose flange. 

CEN/TS 1591-3:2007
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NOTE 3 The condition ( )3 100010 FBBF /,..., bppe ⋅≥  is for limitation of non-uniformity of gasket pressure due to
spacing of bolts. The values 0,01 and 0,10 should be applied for soft (non-metallic) and hard (metallic) gaskets respec-
tively. A more precise criterion is given in Annex A of EN 1591-1:2001. 

NOTE 4 Attention may need to be given to the effects of tolerances and corrosion on dimensions; reference should be 
made to other codes under which the calculation is made, for example values are given in EN 13445 and EN 13480. 

The following configurations are outside the scope of the Method: 

 flanges of essentially non-axisymmetric geometry, e.g. split loose flanges, web reinforced flanges.

1.3 Materials 

Values of nominal design stresses are not specified in this Calculation Method. They depend on other codes 
which are applied, for example these values are given in EN 13445 and EN 13480. 

Design stresses for bolts should be determined as for flanges and shells. The model of the gaskets is mod-
elled by elastic behaviour with a plastic correction. 

For gaskets in incompressible materials which permit large deformations (for example: flat gaskets with rubber 
as the major component), the results given by the method can be excessively conservative (i.e. required bolting 
load too high, allowable pressure of the fluid too low, required flange thickness too large, etc.) because it does 
not take account of such properties. 

1.4 Loads 

This Method applies to the following load types: 

 fluid pressure: internal or external;

 external loads: axial forces and bending moments;

 axial expansion of flanges, bolts and gasket, in particular due to thermal effects.

1.5 Mechanical model 

The Method is based on the following mechanical model: 

a) Geometry of both flanges and gasket is axisymmetric. Small deviations such as those due to a finite
number of bolts, are permitted. Application to split loose flanges or oval flanges is not permitted.

b) The flange ring cross-section (radial cut) remains undeformed. Only circumferential stresses and strains
in the ring are treated; radial and axial stresses and strains are neglected. This presupposition requires
compliance with condition 1.2 a).

c) The flange ring is connected to a cylindrical shell. A tapered hub is treated as being an equivalent cylin-
drical shell of calculated wall thickness, which is different for elastic and plastic behaviour, but always be-
tween the actual minimum and maximum thickness. Conical and spherical shells are treated as being
equivalent cylindrical shells with the same wall thickness; differences from cylindrical shell are explicitly
taken into account in the calculation formula.

This presupposition requires compliance with 1.2 c).

At the connection of the flange ring and shell, the continuity of radial displacement and rotation is
accounted for in the calculation.

CEN/TS 1591-3:2007
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d) The gasket contacts the flange faces over a (calculated) annular area. The effective gasket width (radial)
bGe may be less than the true width of gasket. The calculation of bGe includes the elastic rotation of both
flanges as well as the elastic and plastic deformations of the gasket (approximately) in assembly con-
dition.

e) The unloading modulus of elasticity of the gasket may increase with the gasket surface pressure. The
Method uses a linear model: EG = E0 + K1 · Q. This is the unloading elasto-plastic secant modulus meas-
ured between 100 % and 33 % of the highest surface pressure reached on the gasket.

f) Relaxation of the gasket under compression is approximated (see 4.9 and Annex C).

g) Thermal and mechanical axial deformations of flanges, bolts and gasket are taken into account.

h) Loading of the flange joint is axisymmetric. Any non-axisymmetric bending moment is replaced by an
equivalent axial force, which is axisymmetric according to Equation (75).

i) Load changes between load conditions cause internal changes of bolt, gasket and MMC forces. These
are calculated with account taken of elastic deformations of all components.

j) Load limit proofs are based on limit loads for each component. This approach prevents excessive defor-
mations. The limits used for gaskets, which depend on Qmax are only rough approximations.

The model does not take account of the following: 

k) Bolt bending stiffness and bending strength. This is a conservative simplification. However the tensile
stiffness of the bolts includes (approximately) the deformation within the threaded part in contact with the
nut or tapped hole (see Equation (37)).

l) Creep of flanges and bolts.

m) Different radial deformations at the gasket (this simplification has no effect for identical flanges).

n) Fatigue proofs (usually not taken into account by codes like this).

o) External torsion moments and external shear loads, e.g. those due to pipework.

2 Normative references 

The following referenced documents are indispensable for the application of this document. For dated refer-
ences, only the edition cited applies. For undated references, the latest edition of the referenced document 
(including any amendments) applies. 

EN 1591-1:2001, Flanges and their joints — Design rules for gasketed circular flange connections — Part 1: 
Calculation method 

prEN 1591-2:, Flanges and their joints — Design rules for gasketed circular flange connections — Part 2: 
Gasket parameters 

3 Notation 

3.1 Use of figures 

Figure 1 illustrates the two configurations of metal to metal contact. 

Figure 2 shows the variables used in the calculation of the inside diameter of the MMC area. 

CEN/TS 1591-3:2007
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3.2 Subscripts and special marks 

3.2.1 Subscripts 

A Additional (FA, MA) 

B Bolt 

D Equivalent cylinder (tapered hub + connected shell) for load limit calculation 

E Equivalent cylinder (tapered hub + connected shell) for flexibility calculation 

F Flange 

G Gasket 

H Hub 

I Load condition identifier (taken values 0, 1, 2 ...) 

L Loose flange 

M Metallic ring or metal to metal contact 

P Pressure 

Q Net axial force due to pressure 

R Net axial force due to external force 

S Shell, shear 

T Shell, modified 

X Weak cross-section 

W Washer 

∆ Symbol for change or difference

av average

c calculated

e effective

j identifier of reference dots (QGj, eGj) used to described the gasket behaviour in compression

max maximum 

min minimum 

nom nominal 

opt optimal 

req required 

CEN/TS 1591-3:2007
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s non-threaded part of bolt 

t theoretical, torque, thread 

0 initial bolt-up condition (I = 0, see subscript I) 

3.2.2 Special marks 

~ Accent placed above symbols of flange parameters that refers to the second flange of the connection, 
possibly different from the first 

c exponent marking deformation terms due to creep relaxation 

i Exponent marking terms related to the first compliance equation 

ii Exponent marking terms related to the second compliance equation 

3.3 Symbols 

Where units are applicable, they are shown in brackets. Where units are not applicable, no indication is given. 

AB Effective total cross-section area of all bolts [mm2], Equation (36) 

AF, AL Gross radial cross-section area (including bolt holes) of flange ring, loose flange [mm2], 
Equations (5), (7), (8) 

AGe, AGt Gasket area, effective, theoretical [mm2], Equations (41), (39) 

C Coefficient to account for twisting moment in bolt load ratio, Equation (121) 

E0 Unloading Compressive modulus of elasticity of the gasket [MPa] at zero compressive 
stress Q = 0 [MPa] (see prEN 1591-2) 

EB, EF, EG, EL 

EM, EW Modulus of elasticity of the part designated by the subscript, at the temperature of the part 
[MPa] (for EG see prEN 1591-2) 

FA Additional external axial force [N], tensile force > 0, compressive force < 0, see Figure 1 of 
EN 1591-1:2001 

FB Bolt force (sum of all bolts) [N] 

FBMMC Bolt force (sum of bolts) required to reach MMC [N] 

FG Gasket force [N]

FGMMC Gasket force required to reach the MMC [N] 

FM Metal to metal contact force [N] 

FQ Axial fluid-pressure force [N], Equation (74) 

FR Force resulting from FA and MA [N], Equation (75) 

FRMMC Force resulting from FA and MA corresponding to the tightening force FBMMC [N] 

G(t) Relaxation function Equation (C.13) 

CEN/TS 1591-3:2007
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I Load condition identifier, 
for assembly condition I = 0, for subsequent conditions I = 1, 2, 3, ... 

IB Plastic torsion modulus [mm3] of bolt shanks, Equation (121) 

K1 Rate of change of compressive modulus of elasticity of the gasket with compressive stress, 
prEN 1591-2 

Ks Systematic error due to the inaccuracy of the bolt tightening method 

MA Additional external moment [N · mm], Figure 1 of EN 1591-1:2001 

Mt Bolt assembly torque [N · mm], Annex D of EN 1591-1:2001 

Mt, B twisting moment [N · mm] applied to bolt shanks as a result of application of the bolt as-
sembly torque Mt, Equations (121) and (D.8) to (D.11) of EN 1591-1:2001 

P Pressure of the fluid [MPa], internal pressure > 0, external pressure < 0 (1 bar = 0,1 MPa) 

Q Mean effective gasket compressive stress [MPa], Q = FG/AGe

QGMMCinf Inferior boundary of the range of gasket compressive stress in which the MMC appears 
[MPa] 

QGMMCsup Superior boundary of the range of gasket compressive stress in which the MMC appears 
[MPa] 

QI Mean effective required gasket compressive stress at load condition I [MPa] 

Qmin Minimum necessary compressive stress in gasket for assembly condition (on the effective 
gasket area) [MPa], Equation (93), (see prEN 1591-2) 

Qmax Maximum allowable compressive stress in the gasket (depends on the gasket materials, 
construction, dimensions and the roughness of the flange facings) [MPa], Equation (120), 
see prEN 1591-2 (including safety margins, which are same for all load conditions) 

Qmax, Y Yield stress characteristic of the gasket materials and construction, see Table 1, and 
prEN 1591-2 [MPa] 

TB, TF, TG, TL, 

TM, TW Temperature (average) of the part designated by the subscript [°C] or [K], Equation (77), 
(78) and (80), (81)

TO Temperature of connection at assembly [°C] or [K] (usually + 20 °C) 

U Axial displacement [mm]; ∆U according to Equations (76), (77), (78) and Equations (79), 
(80) and (81).

WF, WL, WX Resistance of the part and/or cross-section designated by the subscript [N · mm], Equa-
tions (123), (135), (137), (139) 

XB, XG, XM, XW Axial flexibility modulus of bolts, gasket, metallic compression limiter ring, washer [1/mm], 
Equations (37), (44), (52), (46) 

XFB Axial flexibility modulus corresponding to local compression of flange at contact area with 
nut [1/mm], Equation (73) 

CEN/TS 1591-3:2007
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XFG Axial flexibility modulus corresponding to local compression of flange at contact area with 
gasket [1/mm], Equation (55) 

XFL Axial flexibility modulus corresponding to local compression of collar at contact area with 
loose flange [1/mm], Equation (63) 

XFM Axial flexibility modulus corresponding to local compression of flange at metal to metal 
contact area [1/mm], Equation (59) 

XLB Axial flexibility modulus corresponding to local compression of loose flange at contact area 
with nut [1/mm], Equation (71) 

XLF Axial flexibility modulus corresponding to local compression of loose flange at contact area 
with collar [1/mm], Equation (67) 

YG, YM, YQ, YR Axial compliance of the bolted connection, related to FG, FM, FQ, FR [mm/N], Equations (83) 
to (86) and (89) to (92) 

ZF, ZL Rotational flexibility modulus of flange, loose flange [mm- 3], Equations (30), (34), (35) 

a(TI,T0) Shift function Equation (C.17) 

b0 Width of chamfer (or radius) of a loose flange [mm] see Figure 10 of EN 1591-1:2001, 
Equation (17) such that: d7min = d6 + 2 · b0 

bF, bL Effective width of flange, loose flange [mm], Equations (5) to (8) 

bGi, bGe, bGt Gasket width (radial), interim, effective, theoretical [mm], Equations (38), (40), Table 1 

bMt Metal to metal contact area width [mm], Equation (48) and Figure 1 

cF, cM, cS Correction factors, Equations (23), (127), (128) 

d0 Inside diameter of flange ring [mm] and also the outside diameter of central part of blank 
flange (with thickness e0), in no case greater than inside diameter of gasket [mm], 
Figures 4 to 12 of EN 1591-1:2001 

d1 Average diameter of hub, thin end [mm], Figures 4, 5, 11 and 12 of EN 1591-1:2001 

d2 Average diameter of hub, thick end [mm], Figures 4, 5, 11 and 12 of EN 1591-1:2001 

d3, d3e Bolt circle diameter, real, effective [mm], Figures 4 to 12 of EN 1591-1:2001 

d4 Outside diameter of flange [mm], Figures 4 to 12 of EN 1591-1:2001 

d5, d5t, d5e Diameter of bolt hole, pierced, blind, effective [mm], Figures 4 to 12 of EN 1591-1:2001 

d6 Inside diameter of loose flange [mm], Figures 10, 12 of EN 1591-1:2001 

d7 Diameter of position of reaction between loose flange and stub or collar [mm], Figure 1 of 
EN 1591-1:2001, Equations (17), (43) 

d8 Outside diameter of collar [mm], Figure 10 of EN 1591-1:2001 

d9 Diameter of a central hole in a blank flange [mm], Figure 9 of EN 1591-1:2001 

dB0, dBe, dBs Diameter of bolt: nominal diameter, effective diameter, shank diameter [mm], Figure 2 of 
EN 1591-1:2001, Table B.1 of EN 1591-1:2001 
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dB2, dB3 Basic pitch diameter, basic minor diameter of thread [mm], see Figure 2 of EN 1591-
1:2001 

dGe, dGt Diameter of gasket, effective, theoretical [mm], Figure 3 of EN 1591-1:2001, Table 1 

dG1, dG2 Inside, outside diameter of theoretical contact area of gasket [mm], Figure 3 of EN 1591-
1:2001 

dM1, dM2 Inside, outside diameter of theoretical metal to metal contact area [mm] 

dM1e Effective inside diameter of metal to metal contact area [mm], Equation (49), (50) 

dMe, dMt Diameter of metal to metal contact area, effective, theoretical [mm], Equation (51), (47) 

dE, dF, dL Average diameter of part or section designated by the subscript [mm], Equations (5) to (8), 
(10) 

dS, dX to (12), Figures 4 to 12 of EN 1591-1:2001 

dW1, dW2 Inside, outside diameter of washers Equation (46) [mm] 

e0 Wall thickness of central plate of blank flange within diameter d0 [mm], Figure 9 of 
EN 1591-1:2001 

e1 Minimum wall thickness at thin end of hub [mm], Figures 4, 5,11, 12 of EN 1591-1:2001 

e2 Wall thickness at thick end of hub [mm], Figures 4, 5, 11, 12 of EN 1591-1:2001 

eD, eE Wall thickness of equivalent cylinder for load limit calculations, for flexibility calculations 
[mm], Equations (9), (11), (12), (124) 

eF, eL Effective axial thickness of flange, loose flange [mm], Equations (5) to (8) 

eFb Thickness of flange ring at diameter d3 (bolt position) [mm] Equation (3) 

eFt Thickness of flange ring at diameter dGe (gasket force position), relevant for thermal expan-
sion [mm], Equation (77), (78) and (80), (81) 

eFm Thickness of flange ring at diameter dMe (metal to metal contact force position), relevant for 
thermal expansion and inside diameter of the metal to metal contact area [mm], Equation 
(77), (78) and (80), (81) 

eG Thickness of gasket [mm], Figure 3 of EN 1591-1:2001 

eM Thickness of metallic compression limiter ring [mm] 

eP, eQ Part of flange thickness with (eP), without (eQ) radial pressure loading [mm], Figures 4 to 12 
of EN 1591-1:2001, such that eP + eQ = eF 

eS Thickness of connected shell [mm], Figures 4 to 8, 10 to 12 of EN 1591-1:2001 

eX Flange thickness at weak section [mm], Figure 9 of EN 1591-1:2001 

eW Washer thickness [mm] 

fB, fE, fF, fL, fS Nominal design stress [MPa] of the part designated by the subscript, at design temperature 
[°C] or [K], as defined and used in pressure vessel codes 

CEN/TS 1591-3:2007
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hG, hH, hL, hM Lever arms [mm], Equations (15), (16), (18), (19) 

hD Difference of lever arms hG and hM [mm], Figure 1, Equation (14) 

hP, hQ, hR, 

hS, hT Lever arm corrections [mm], Equations (13), (24) to (27), (32), (33) 

jM, jS Sign number for moment, shear force (+ 1 or – 1), Equation (129) 

kQ, kR, kM, kS Correction factors, Equation (28), (29), (130) 

l5t Depth of the blind holes, Figure 5 of EN 1591-1:2001, Equation (3) 

lB, ls Bolt axial dimensions [mm], Figure 2 of EN 1591-1:2001, Equation (37) 

le le = lB – ls 

lH Length of hub [mm], Figures 4, 5, 11, 12 of EN 1591-1:2001, Equation (9), (124) 

nB Number of bolts, Equations (1), (4), (36), (37), (46) 

pB Pitch between bolts [mm], Equation (1) 

pt Pitch of bolt thread [mm], Table B.1 of EN 1591-1:2001 

r0, r1 Radii [mm], Figures 4, 10 of EN 1591-1:2001 

r2 Radius of curvature in gasket cross-section [mm], Figure 3 of EN 1591-1:2001 

z1B, z1F, z1L thickness concerned by the local compression at the inner diameter of the component des-
ignated by the subscript [mm], Equation (55) to (73) 

z2B, z2F, z2L thickness concerned by the local compression at the outer diameter of the component des-
ignated by the subscript [mm], Equation (55) to (73) 

∆U Differential axial expansions [mm], Equation (76) to (81) 

Θ F, Θ L Rotation of flange, loose flange, due to applied moment [rad], Equation (97) to (100), (104), 
(105) 

Ψ Load ratio of flange ring due to radial force, Equation (131)

ΨZ Particular value of Ψ, Equation (123), Table 2

ΦB, ΦF, ΦG, 
ΦL, ΦX Load ratio of part and/or cross-section designated by the subscript, to be calculated for all

load conditions, Equation (120), (121), (122), (134), (136), (138)

Φmax Reduced maximum allowable load ratio, Equation (108)

αB, αF, αG, αL, 
αW, αM Thermal expansion coefficient of the part designated by the subscript, averaged between

T0 and TB, TF, TG, TL, TW, TM  [K– 1], Equation (77), (78) and (80), (81)

β, γ, δ, θ  Intermediate variables, Equations (9), (20), (21), (22), (43), (108), (124)

κ, λ, χ  

CEN/TS 1591-3:2007
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ε0 Strain (Annex C). 

ε 1+, ε1– Scatter of initial bolt load of a single bolt, above nominal value, below nominal value, 
Annex D 

ε+, ε– Scatter for the global load of all the bolts above nominal value, below nominal value, 
Equations (109), to (111) 

η Tangent of the propagation angle of the local compression (see Annex B)

π Numerical constant (π = 3,141593)

σ Stress [MPa] (Annex C)

τR Relaxation time [s] (Annex C)

φG Angle of inclination of a sealing face [rad or deg], Figure 3 of EN 1591-1:2001, Table 2

φS Angle of inclination of connected shell wall [rad or deg], Figures 6, 7 of EN 1591-1:2001

ξ0, ξ1, ω0, ω1 Material parameters regarding the stress relaxation function of the gasket (see Annex C).

3.4 Terminology 

3.4.1 Flanges 

Integral flange: Flange attached to the shell either by welding (e.g. neck weld, see Figures 4 to 7 of 
EN 1591-1:2001 or slip on weld see Figures 8 and 11 of EN 1591-1:2001) or cast 
onto the envelope (integrally cast flanges, Type 21) 

Blank flange: Flat closure, Figure 9 of EN 1591-1:2001 

Loose flange: Separate flange ring abutting a collar, Figure 10 of EN 1591-1:2001 

Hub: Axial extension of flange ring, usually connecting flange ring to shell, Figures 4, 5 
of EN 1591-1:2001 

Collar: Abutment for a loose flange, Figure 10 of EN 1591-1:2001 

3.4.2 Loading 

External loads: Forces and/or moments applied to the connection by attached equipment, e.g. 
weight and thermal expansion of pipes. 

3.4.3 Loading conditions 

Load condition: State with set of applied simultaneous loads; designated by I. 

Assembly condition: Load condition due to initial tightening of bolts (bolting up), designated by I = 0 

Subsequent condition: Load condition subsequent to assembly condition, e.g. operating condition, test 
condition, conditions arising during start-up and shut-down; designated by I = 1, 
2, 3 ... 

3.4.4 Compliances 

Compliance: Inverse stiffness (axial), symbol Y, [mm/N] 

CEN/TS 1591-3:2007
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Flexibility modulus: Inverse stiffness modulus, excluding elastic constants of material: 

axial:   symbol X, [1/mm] 

rotational: symbol Z, [1/mm3] 

Figure 1 — 2 types of MMC BFC: gasket with limiter ring and gasket inserted in a groove, 
with theoretical dimensions 

4 Calculation parameters 

4.1 General 

The parameters defined in this Clause are effective dimensions and areas as well as stiffness parameters. 
Most Parameters of 4.2 to 4.4 are extracted from EN 1591-1:2001. 

4.2 Flange parameters 

4.2.1 General 

The formulae given in 4.2 shall be used for each of the two flanges and where applicable, the two collars of a 
connection. 

Specific flange types are treated as follows: 

Integral flange: calculated as an equivalent ring with rectangular cross-section, dimensions bF · eF con-
nected at diameter dE to an equivalent shell of constant wall thickness eE. 

Blank flange: calculated as an equivalent ring with rectangular cross-section, dimensions bF · eF, con-
nected at diameter dE = d0 to a plate of constant thickness e0. It may have a central opening 
of diameter d9. If a nozzle is connected at the opening the nozzle is not taken into account 
in the calculation. 

Loose flange: calculated as an equivalent ring with rectangular cross-section dimensions bL · eL without 
connection to a shell. 
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Screwed flange: calculated as a loose flange with inside diameter equal to load transmission diameter, i.e. 
average thread diameter. 

Collar: the collar is treated in the same way as an integral flange. 

In Figures 4 to 12 of EN 1591-1:2001, the equivalent ring is sketched by shaded area. 

4.2.2 Flange ring 

4.2.2.1 Bolt holes 

Pitch between bolts: 

BB / ndp 3⋅π=  (1) 

Effective diameter of bolt hole: 

Be / pddd 555 ⋅=  (2) 

Diameter of blind holes is assumed to be: 

Fbtt / eldd 555 ⋅=  (3) 

Effective bolt circle diameter: 

( )2
33 21 Be / ndd −⋅= (4) 

NOTE 1 .
~~

eeBB 33 andaswellasequalareand ddpp  

NOTE 2 Equations (1) to (4) do not apply to collars. 

4.2.2.2 Effective dimensions of flange ring 

The effective thickness eF or eL used below is the average thickness of the flange ring. It can be obtained by 
dividing the cross-section area of the ring AF or AL (including bolt holes) by the actual radial width of this 
section. 

Since there is a large variety of shapes of flanges cross-sections, formulae for the calculation of AF or AL are 
not given for specific flange types. 

Integral flange and blank flange (see Figures 4 to 9 of EN 1591-1:2001) 

( ) ( )
( )04

04504

2
22

ddAe
ddddddb

−⋅=
+=−−=

/
/;/

FF

FeF (5) 

0=== LLL edb  (6) 

Loose flange with collar (see Figure 10 of EN 1591-1:2001) 

For collar: 

( ) ( )
( )08

0808

2
22

ddAe
dddddb

−⋅=
+=−=

/
/;/

FF

FF (7)
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For flange: 

( ) ( )
( )64

64564

2
22

ddAe
ddddddb

−⋅=
+=−−=

/
/;/

LL

LeL (8)

4.2.3 Connected shell 

4.2.3.1 Flange with tapered hub 

A cylindrical shell (constant wall thickness eS, average diameter dS) integral with a tapered hub is treated as 
being an equivalent cylindrical shell of effective wall thickness eE and effective average diameter dE: 

( )
( ) 1

2

11
1

3
1

1
e
e

led
l

ee =












+⋅⋅

⋅−
+⋅= β

β
β

H

H
E

/
(9)

( ) ( ){ } 2maxmin 22112211 /;; EEEEE eedeedeedeedd +−−++−++−= (10)

4.2.3.2 Flange without hub 

For a shell (cylindrical or conical or spherical, constant wall thickness es, angle φS and diameter dS at junction 
with flange) directly connected to a flange ring, the effective dimensions are: 

SESE ; ddee == (11) 

The Equations (11) are not applicable when a nozzle is connected to the central opening of a blank flange. 
This case is covered by 4.2.3.3. 

4.2.3.3 Blank flange 

For a blank flange, the effective dimensions to be used are: 

00 dde == EE ; (12) 

The Equations (12) apply whatever the blank flange configuration (without opening, with opening without 
nozzle, with opening with nozzle). 

4.2.3.4 Collar 

The equations which are applicable are those of 4.2.3.1 or 4.2.3.2 depending on whether or not the collar has 
a hub. 

4.2.4 Lever arms 

NOTE When the gasket is of flat type, the parameters hP and hG below can be calculated only when dGe has been 
determined, i.e. when the calculations given in 4.4.3 have been carried out. hM below can be calculated only when dMe has 
been determined at each load condition. 

4.2.4.1 All flanges 

( ) ( )[ ] 222 262 GeFpEGeEGeP // ddeddddh ⋅⋅++⋅⋅−= (13)

For blank flanges: ep = 0. 
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For a practical point of view the following difference of lever arms is defined: 

( ) 2/GeMeGMD ddhhh −=−= (14)

4.2.4.2 Integral flange and blank flange 

( ) ( )
0

22 33

=
+=−=

L

EeGeeG /;/
h

ddhddh H (15)

( ) 23 /MeeM ddh −= (16) 

NOTE These equations do not apply to collars. 

4.2.4.3 Loose flange with collar 

87067

777

;2 ddbdd
ddd

=⋅+=

≤≤

maxmin

maxmin
(17)

( ) ( )
( ) 2

22

73

77

/
/;/

eL

EGeG

ddh
ddhddh H

−=
+=−=

(18)

( ) 27 /MeM ddh −= (19) 

As the value of d7 is not known in advance, the following hypotheses can be made: 

 for the flexibility calculations, take for d7 the value d70 given by Equation (43);

NOTE  It follows that hG, hH and hL can vary with each iteration necessary to calculate bGe and dGe (see 4.3.2).

 for the calculation of load ratios (Clause 6), the most favourable value between d7 min and d7 max can be
used.

4.2.5 Flexibility-related flange parameters 

NOTE When the gasket is of the flat type, the parameter hQ below can be calculated only when dGe has been deter-
mined, i.e. when the calculations stated in 4.3.2 have been carried out. 

4.2.5.1 Integral flange and collar 

( )SEFFE / ϕγ cos⋅⋅⋅= dbde (20) 

FEES /, eed ⋅⋅= ϕθ cos550 (21)

FQFP // eeee =−= 1λ (22) 

NOTE eP and eQ are defined in Figures 4 to 12 of EN 1591-1:2001 (when eP = eF, eQ = 0). 

( ) ( ) ( )[ ]{ }4222 36216331411 θγθθλλλθγθγ ⋅+⋅+⋅−⋅++−⋅⋅⋅+⋅+= /Fc (23)

( ) ( )θγθλ ⋅++⋅−⋅⋅= 12111 //, EEeFS deh (24)

( ) ( )θγθγλ ⋅+⋅−−= 121 2 /FT eh (25)
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( ){ } ( )22 tan502 GeESEPFTQSQ /,/ dddedhkhh ⋅⋅−⋅⋅+⋅= ϕ (26)

STRSR , ϕtan50⋅−⋅= hkhh (27) 









+
+

=
shellsphericalforcos350

shelllcylindricaorconicalforcos850

S

S
Q /,

/,
ϕ
ϕ

k (28)









−
−

=
shellsphericalforcos650

shelllcylindricaorconicalforcos150

S

S
R /,

/,
ϕ
ϕ

k (29)

( )






=
⋅⋅π⋅=

0
3 3

L

FFFFF /
Z

ebcdZ (30) 

4.2.5.2 Blank flange 

Diameter ratio: 

E/ dd9=ρ (31) 

NOTE reminder: for a blank flange, dE = d0 (according to Equation (12)) 

( ) ( ) ( ) ( ) ( )2222 3170337018 GeEEQ /,,/,,/ dddh ⋅++⋅−⋅= ρρρ (32)

( ) ( ) ( ) ( ) ( )[ ]2222 13170337014 ρρρρ +⋅++⋅−⋅= ,,/,,/ER dh (33)

( ) ( )[ ]{ }






=
+−⋅⋅+⋅⋅π=

0
624113 223

0
3

L

FFFFF ,,//
Z

edebdZ ρρ (34)

4.2.5.3 Loose Flange with collar 

For the collar use Equations (20) to (30); for the loose flange use the following equation: 

( )33 LLLL / ebdZ ⋅⋅π⋅= (35) 

4.3 Bolt parameters 

4.3.1 General 

The bolt dimensions are shown in Figure 2 of EN 1591-1:2001. Diameters of standard metric series bolts are 
given in Annex B of EN 1591-1:2001. 

4.3.2 Effective cross-section area of bolts 

( ){ } 4min 2 /; BBSBeB π⋅⋅= nddA (36)

4.3.3 Flexibility modulus of bolts 

( ) ( )π⋅⋅++= BBBeeBSSB //,// nddldlX 480 0
22 (37)
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4.4 Gasket parameters 

4.4.1 General 

The notation for dimensions of gaskets is given in Figure 3 of EN 1591-1:2001. 

prEN 1591-2 gives typical non-mandatory values for material properties. If data for the actual gasket is avail-
able, it should preferably be used. 

4.4.2 Theoretical dimensions 

( ) ( ) 22 1212 /;/ GGGtGGGt dddddb +=−= (38)

GtGtGt bdA ⋅⋅π= (39) 

NOTE The theoretical gasket width bGt is the maximum which may result from a very high force. 

4.4.3 Effective dimensions 

The effective gasket width bGe depends on the force FG applied to the gasket for many types of gasket. 

NOTE 1 For a flat gasket, the effective gasket width is equal to twice the distance separating the outside diameter of 
the sealing face from the point of application of the gasket reaction (i.e. the resultant of compressive stress over the gas-
ket width). 

The first calculation is performed with FG value as described in 5.5.2. 

Interim gasket width bGi shall be determined from the equations in Table 1, starting with the first approximation 
given in this table. 

Effective gasket width: 

{ }GtGiGe ; bbb min= (40) 

Effective gasket diameter: 

The effective gasket diameter dGe is the diameter where the gasket force acts. It is determined from Table 1. 

NOTE 2 For flat gaskets, dGe varies with bGe. In that case, bGe is twice the distance between the outside contact dia-
meter of the gasket and the effective gasket diameter. 

Effective gasket area: 

GeGeGe bdA ⋅⋅π= (41) 

Lever arm: 

( )
( ) 








−
−

=
collarwithflangeloosefor2

flangeblankorflangeintegralfor2

70

3
0 /

/

Ge

Gee
G dd

dd
h (42)

( ) ( )( ){ }
( ) ( ) 





⋅⋅=

+⋅+=

00

max73min770 1maxmin

LFFL

eGe

/

;/;

EZEZ

ddddd

κ
κκ

(43) 

NOTE 3 Equation (43) does only apply to loose flanges on a collar. 
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Equations (40) to (43) are re-evaluated iteratively until the value bGe is constant within the required precision. 

NOTE 4 A precision of 5 % is enough. To obtain results almost independent of the operator, a precision of 0,1 % is 
however recommended. 

4.4.4 Axial flexibility modulus of gasket 

( ) ( ) ( )22 //// GGeGGtGtGG ebebAeX ++⋅= (44)

Table 1 — Effective gasket geometry 

Type Gasket form Formulae

1 Flat gaskets, of low 
hardness, composite or 
pure metallic, materials, 
see Figure 3a of 
EN 1591 

First approximation: bGi = bGt 

More accurate: 

( ) 2

ymax, 











⋅⋅π
+

⋅+⋅
⋅⋅π

=
Qd

F
EZhEZh

Ede
b

Ge

G

FFGFFG

GmGeG
Gi ~/~~

/
/

GeGGm /, AFKEE ⋅+= 10 50

FF
~, ZZ  according to Equation (30) or (34)

In all cases: GeGGe bdd −= 2

2 Metal gaskets with 
curved surfaces, simple 
contact, see Figures 3b, 
3c of EN 1591 

First approximation: 

 GGtGrGi / EQbb ymax,2 cos6 ⋅⋅⋅= ϕ

More accurate: 

2

ymax,

2 cos6













⋅⋅π
+

⋅⋅π
⋅⋅

=
Qd

F
Ed

F
b

Ge

G

GGe

GGr
Gi

ϕ

In all cases: G0Ge dd =

3 Metal octagonal section 
gaskets see Figure 3d of 
EN 1591 

In all cases:  

bGi = length bGe according to Figure 3d of EN 1591 

(Projection of contacting surfaces in axial direction.) 

GtGe dd =  

4 Metal oval or circular 
section gaskets, double 
contact see Figures 3e, 
3f of EN 1591 

First approximation: 

GGtGrGi / EQbb ymax,2 cos12 ⋅⋅⋅= ϕ

More accurate: 

2

ymax,

2 cos12













⋅⋅π
+

⋅⋅π
⋅⋅

=
Qd

F
Ed

F
b

Ge

G

GGe

GGr
Gi

ϕ

In all cases: GtGe dd =
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4.5 Washer parameters 

It is common use to add washers between the nuts and the flanges in BFC. Here, we consider not only the 
axial thermal expansion of the washers (see 5.2.2.3 and 5.2.2.4) but also the axial flexibility of these compo-
nents. 

Washers are submitted to compression. The axial deformation of the washers due to compression is consid-
ered in the deformation compatibility equations (see Annex F) with the term M

We∆ . 









⋅−= B

W

WM
W F

E
X

e ∆∆ (45) 

Where XW represents the axial flexibility modulus of the washers. 

For flat washers the axial flexibility modulus is:  

)( WWB

W
W 2

1
2

2

4
ddn

e
X

−⋅π⋅

⋅
= (46)

For other kind of washers the axial flexibility modulus has to be determined following the manufacturer indi-
cations. 

4.6 Calculation parameters for the metal to metal contact area 

4.6.1 Metal to metal contact theoretical dimensions 

Theoretical diameter of the metal to metal contact : dMt 

2
21 MM

Mt
dd

d
+

= (47) 

Theoretical width of the metal to metal contact : bMt 

2
12 MM

Mt
dd

b
+

= (48) 

(see Figure 1) 

4.6.2 Metal to metal contact effective dimensions 

4.6.2.1 Inside diameter of the metal to metal contact area 

The inside diameter of the metal to metal contact area depends on the flanges geometries and on the rotation 
angles of the flanges: 

In the case of MMC with compression limiter ring:  

FF

MFGFGG
GeeM ~

~

ΘΘ
∆∆

+
−−−

×+=
eeee

dd 21 (49)
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For MMC occurring with gasket inserted in a groove: 

( ) ( )
FF

FmFGFGFtFtG
GeeM ~

~~~

ΘΘ
∆∆

+
+++−++

×+=
eeeeeee

dd Fm21 (50)

eG is the thickness of the gasket under compression. 

Figure 2 — Inside diameter of the MMC area 

4.6.2.2 Effective diameter of the metal to metal contact area 

The effective metal to metal contact diameter dMe is the diameter where the metal to metal contact force acts. 

eMM

eMeMMM
Me

12

2
112

2
2

24
23

dd
dddd

d
+

+⋅+
= (51)
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4.6.3 Axial flexibility modulus of metallic compression limiter ring 

MeMe

M
M db

e
X

⋅⋅π
= (52) 

4.7 Gasket compression behaviour 

We define here the behaviour of the gasket in compression:  

We consider the gasket thickness in compression as a function of the gasket compression stress is linear by 
pieces (see Annex A). 

Such as for GjGGj QQQ ≤≤−1 , the thickness of the gasket in compression for a gasket compression stress QG 
is given by: 

( ) ( )
)(

)(

GjGj

GjGj
GjGGjGG

1

1
11

−

−
−− −

−
⋅−+=

QQ
ee

QQeQe (53)

4.8 Local deformation parameters 

4.8.1 General 

Local compressions may occur at the contact areas between the different components of the connection. 
When significant, these local compressions have to be considered in the axial deformation balances. 

Here below are given the expressions of local compressions at the different contact area in the connection. 

(See also Annex B). 
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4.8.2 Local compression of flange at contact area with gasket 









⋅−= G

F

FGM
FG F

E
X

e ∆∆ (54) 

with: XFG: the flexibility parameter of flange in the local compression area: 
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4.8.3 Local compression of flange at metal to metal contact area 


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
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
⋅−= M
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FMM
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E
X

e ∆∆ (58) 

with: XFM: the flexibility parameter of flange in the local compression area: 
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4.8.6 Local compression of loose flange at contact area with nut 
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with: XLB: the flexibility parameter of flange in the local compression area: 
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4.8.7 Local compression of flange at contact area with nut 
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with: XFB: the flexibility parameter of flange in the local compression area: 
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4.9 Relaxation phenomenon of the gasket 

4.9.1 General 

Relaxation phenomenon of the gasket consists in the decrease of gasket compression after the increase of 
the load applied on the gasket (mechanical and (or) thermal). 

This is an irreversible phenomenon. It means that a decrease of the load applied on the gasket (mechanical 
and (or) thermal) does not lead to an increase of the gasket compression. 

We assume that the relaxation phenomenon occurs after the loading of the gasket. 

4.9.2 Consideration of the relaxation phenomenon 

Relaxation of the gasket will be considered after every load condition. It means that after determining the 
internal reactions corresponding to a loading situation, an additional calculation will be performed in order to 
determine the internal reactions after the relaxation phenomenon (only in the case where the load on the 
gasket is increased (mechanical or thermal)). 
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4.9.3 Relaxation behaviour of the gasket 

Different models described in [1] may be used to reproduce the relaxation behaviour of the gasket material. 
Among them, a realistic model in Annex C provides a stress relaxation response for gasket that may be con-
sider as viscoelastic material. 

Other models or test data may be suitable to consider the relaxation behaviour of the gasket exposed to com-
pression and (or) elevated temperature. 

It means that the gasket surface pressure is determined for a given gasket compression after a given period of 
time. 

This leads to the determination of the remaining gasket surface pressure after relaxation. 

A new internal reaction value on the gasket after relaxation is obtained. Once determined, the new internal 
reaction on the gasket is introduced in the compliance equations in order to update the other forces and de-
formations in the connection. 

5 Internal forces (in the connection) 

5.1 General 

Different load conditions are indicated by the value of indicator "I". Case I = 0 is the assembly condition; 
higher values (I = 1,2...) are different test conditions, operating conditions and so on. The number of load con-
ditions depends on the applications. All potentially critical load conditions shall be calculated. 

5.2 Applied loads 

5.2.1 Assembly condition (I = 0) 

Fluid pressure (internal or external) is zero: P0 = 0. 

External loads FA0 and MA0 combine to give a net force FR0 as in Equation (75) (load case I = 0). 

All temperatures are equal to the initial uniform value T0. 

5.2.2 Subsequent conditions (I = 1,2 …) 

5.2.2.1 Fluid pressure 

( ) IPdF
P
P
P

⋅×π=








<
=
>

24
0pressurefluidExternal
0conditionizedUnpressure
0pressurefluidInternal

GeQI

I

I

I

/ (74)

NOTE dGe is the location of the forces acting on the gasket and not the location where the leak tightness is achieved. 
This is conservative, overestimating the load coming from the pressure of the fluid for large gasket width. 

5.2.2.2 Additional external loads 

Additional external loads FAI and MAI combine to give a net force FRI as follows: 

( ) IAeAIRI
AI

AI / MdFF
F
F

⋅±=


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<
>

34
0forcencompressioAxial
0forcetensileAxial

(75)
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Select the sign in Equation (75) giving the more severe condition. 

NOTE In the presence of external moment, the most severe condition may be difficult to foresee because: 

 on the side of the connection where the moment induces an additional tensile load (sign + in Equation (75)), load
limits of flanges or bolts may govern, as well as minimum gasket compression;

 on the side of the connection where the moment induces an additional compression load (sign - in Equation (75)),
load limit of gasket may be decisive.

Therefore, for good practice, it is suggested to consider systematically two load conditions (one for each sign 
in Equation (75)) whenever an external moment is applied, with different indices l being assigned to each case. 

5.2.2.3 Thermal loads in the gasket area 

Axial thermal expansion in the gasket area between load condition I and load condition I + 1 to be considered 
in the first compliance equation is treated by the equation here below. 
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where 
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and 
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where: 

BWWGLtLtFtFt
~~~ leeeeeee =++++++

5.2.2.4 Thermal loads in the metal to metal contact area 

Axial thermal expansion in the metal to metal contact area between load condition I and load condition I + 1 to 
be considered in the second compliance equation is treated by the equation here below. 

ii
I

ii
I

ii
II →+→+→ −= 0101 UUU ∆∆∆ (79)

where 
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and 
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5.3 Compliance of the connection 

5.3.1 First compliance equation 

The first set of compliance terms corresponding to the first compliance equation (see Annex F for more 
details) is as follow: compliance equation is determined from the forces balance and the first deformation 
compatibility equation: 
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∆U i: following 5.2.2.3 

5.3.2 Second compliance equation 

The second compliance equation is determined from the forces balance and the second deformation compati-
bility equation: 
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∆U ii: following 5.2.2.4 

5.4 Determination of the minimum forces necessary for the gasket 

5.4.1 Assembly condition (I = 0) 

Minimum gasket force:  

minmin0 QAF ×= GeG (93) 

The FG0 value obtained in 5.6.3 shall be higher than FG0 min. If not, the additional tightening above FBMMC shall 
be adapted to ensure that FG0 is higher than FG0 min after additional tightening above FBMMC. 

5.4.2 subsequent conditions (I = 1, 2...) 

At every load condition I, the condition here below shall be verified: 

GIIGe FQA ≤× (94) 

where QI is the required gasket surface pressure in order to ensure the required leak rate at the load condition 
I for the internal pressure PI and the temperature TI and for the maximum surface pressure previously applied 
on the gasket. 

If the condition is not satisfied, the additional tightening above FBMMC shall be adapted to fulfill this condition. 

5.5 Determination of the appearance of the MMC in assembly condition (I = 0) 

5.5.1 General 

The principle is to determine: 

First, the range [QGj-1; QGj] of gasket surface pressure values in which the MMC is achieved, then the force to 
be applied on the gasket FGMMC to reach the MMC by “successive approach”. 

The required tightening force FBMMC to reach MMC is then deduced. 

5.5.2 Determination of the gasket surface pressure range in which MMC appears in assembly 
condition (I = 0) 

A gasket surface pressure QGj from one of the n couples defined in 4.7 and Annex A is considered and it is 
determined whether the MMC is achieved at this gasket surface pressure or not. 

If the MMC is achieved it means that MMC appears in a range [QGk-1; QGk] where k ≤ j. 

If the MMC is not achieved, the calculation process is repeated with a higher gasket surface pressure, until the 
range of appearance is found (see Figure 3 here below). 

First, the force FG to be applied on the gasket to obtain the gasket surface pressure QGj is determined. 
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A first approximation by considering the theoretical dimensions of the gasket is done: 

GtGjG AQF ⋅= (95) 

From this gasket force, the effective dimensions of the gasket (bGe, dGe, AGe) are determined following equa-
tions described in 4.4.3, with FG0 = FG. 

Once AGe has been determined, a new value of FG is obtained: 

GeGjG AQF ⋅=  (96) 

We proceed by iteration until the value FG is constant within the required precision. 

Once FG and hG have been determined, the rotation angles of the flanges are determined: 
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The potential internal diameter of MMC is obtained with the expression given in 4.6.2.1 

At this stage, dM1e shall be compared with dM2. 

It means while dM1e > dM2, the whole calculation described in 5.5.2 shall be repeated with a higher level of gas-
ket surface pressure. 

Then the range [QGj-1; QGj], in which MMC appears, is determined. This range is defined as [QGMMCinf ; 
QGMMCsup]. 
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Figure 3 — Determination of the gasket surface pressure range in which MMC appears 

5.5.3 Determination of the force to be applied on the gasket to achieve the MMC 

Here, we proceed by convergence (like dichotomy) in order to determine FGMMC, such as the corresponding 
gasket surface pressure QG belongs to [QGMMCinf ; QGMMCsup], and for which dM1e = dM2. 

In the range [QGMMCinf ; QGMMCsup], the gasket behaviour in compression has been defined linear (see 4.7). 

The calculation is started with FGMMC such as: 

GeA
QQ

F ⋅
+

=
2

infGMMCGMMC
GMMC (101)

The gasket thickness corresponding to this load is determined following the equation of 4.7. 

Then, the rotation angle of the flanges are determined following Equations (97) to (100) 

We obtain the potential internal diameter of MMC by the expression given in 4.6.2.1:  

dM1e shall be compared with dM2. 

The force to be applied on the gasket to achieve the MMC : FGMMC (dM1e = dM2) is determined by convergence 
and the corresponding bolts tightening force is FBMMC. 

NOTE In 5.5.2 and 5.5.3 the gasket compression curve in the right joint configuration is assumed to be known. How-
ever, when this is not the case other gasket data may be used to determine FGMMC, such as the gasket stress for which 
MMC appears under a compression press. In this case, it should be checked that the flange rotation angles are small 
enough. 
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5.6 Determination of the required bolt tightening in assembly condition (I = 0) to maintain 
the MMC in operation and to satisfy the leak-tightness criteria 

5.6.1 General 

Different initial bolt tightening values of FB0 between FBMMC and FB0 max may be considered. FB0 max is the 
maximum allowable bolt tightening in assembly condition. 

The first bolt tightening value FB0 to be considered is FB0 max. From this initial bolt tightening, the internal forces 
are calculated in all subsequent load conditions. It shall be checked that the MMC is maintained and the leak-
tightness criteria verified at all the subsequent load conditions. 

If the conditions about MMC and leak-tightness are verified, then a smaller bolt tightening may be selected 
within the range [FBMMC; FB0 max] and the calculation repeated. The required minimum bolt force calculated to 
maintain the MMC and to ensure the required leak-rate in all the load conditions FB0 req can be determined. 

If there is no appropriate bolt tightening, the design of the bolted flange connection shall be changed. 

5.6.2 Determination of the maximum allowable bolt tightening in assembly condition (I=0) 

The maximum allowable bolt tightening in assembly condition is the bolt tightening for which the maximum bolt 
load ratio is reached (see Equation (121) in 6.4) 

5.6.3 Determination of the reaction forces FG0 and FM0 after the additional tightening above FBMMC 

5.6.3.1 General 
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NOTE In most cases, FR0  = FRMMC. 

Several values of FB0 shall be considered. The first value is FB0 = FB0 max (see above). 

5.6.3.2 Initial calculation 

A first calculation is performed by considering the results obtained in  5.5. 

The effective metal to metal contact diameter dMe is obtained with Equation (51) in which the dM1e value corre-
sponds to the one obtained in  5.5.3 

The lever arm corresponding to the metal to metal contact reaction hM: following Equation (16 or 19) 

dGe is determined in 5.5.2 

hG and XG are deduced from this value of dGe. 

XFG and XFM are obtained as defined in 4.8.2 and 4.8.3. 

The first compliance terms values YM0
ii, YG0

ii, YR0
ii  are then determined following the equations of 5.3.2 

A first calculation of FG0 and FM0 is then performed following Equations (102) and (103) above. 

CEN/TS 1591-3:2007



37 

5.6.3.3 Updating of calculation parameters 

From the initial calculation performed in 5.6.3.2, new values of the compliance terms YM0
ii, YG0

ii, YR0
ii shall then 

be determined. 

From the new value of FG obtained in 5.6.3.2: we deduce the new values of eG, dGe, bGe, AGe, hG, XG (following 
4.4.3 and 4.4.4). 

From the new value of FG and FM obtained in 5.6.3.2: we deduce new flange rotation angles. 
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For rotation angles of loose flange see Equations (99) and (100). 

From the new flange rotation angles: we deduce the new effective MMC area dimensions dM1e, dMe and hM. 

Then we have to update the values of the compliance terms: YM0
ii, YG0

ii, YR0
ii. 

We repeat the FG0 and FM0 calculations following Equation (102) and (103). 

Here, we proceed by iteration. We repeat 5.6.3.3 calculations until the values FG0 and FM0 are constant within 
the required precision. 

It leads to the final values of FG0 and FM0 obtained after applying an additional tightening above FBMMC, as well 
as the flange rotation angles and the inside diameter of the MMC area. 

5.6.4 Determination of the forces FG, FM and FB at the subsequent load conditions 

5.6.4.1 General 

Principle: we assume here that we know the forces at the load condition I and we determine the forces values 
at the load condition I + 1 from the forces balance and the 2 compliance equations given in 5.3. The compli-
ance terms depend on the elasticity moduli EB, EF, EG, EL, EM, EW, and also on the effective dimensions of the 
gasket and the MMC area. 

5.6.4.2 Initial calculation 

The values of the compliance terms are determined following 5.3. 

At the state I: 

For the first compliance equation: YMI
i, YGI

i, YRI
i, YQI

i 

For the second compliance equation: YMI
ii, YGI

ii, YRI
ii, YQI

ii 

At the state I + 1: 

In a first approximation, the compliance terms are calculated by considering the elasticity moduli EB, EF, EM 
values at the state I + 1 and the effective dimensions and EG corresponding to the state I. 

For the first compliance equation: YMI+1
i, YGI+1

i, YRI+1
i, YQI+1

i 

For the second compliance equation: YMI+1
ii, YGI+1

ii, YRI+1
ii, YQI+1

ii
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The values FGI+1 and FMI+1 are deduced from these calculated compliance values, the values of FGI and FMI 
and the compliance equations of 5.3.1 and 5.3.2. 
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5.6.4.3 Updating of the calculation parameters 

From the first approximation of FMI+1 and FGI+1 obtained in 5.6.4.2, the calculation parameters such as the ef-
fective dimensions of the gasket and the MMC area, the rotation angles of the flanges, the elasticity modulus 
of the gasket are updated. 

 The effective dimensions of the gasket: bGe, dGe, AGe (convergence may be used depending on the gasket
type). The effective dimensions of the gasket (bGe, dGe, AGe) are determined following equations described
in 4.4.3

 EG may be updated depending on the value of FGI+1.

 The axial flexibility modulus of the gasket XG.

 The lever arms: hG, hP, hQ.

 The rotation angles of the flanges and the effective dimensions of the MMC.

Then the compliance terms values at the step I + 1 are updated. 

From these new values of the compliance terms at the step I + 1, new values of FGI+1 and FMI+1 are calculated. 

Here again, we proceed by iteration. We repeat 5.6.4.3 calculations until the values FGI+1 and FMI+1 are con-
stant within the required precision. 

It leads to the values of FG+1 and FM+1, as well as the flange rotation angles and the inside diameter of the 
MMC area at the step I + 1. 

At this stage of the calculation, the comparison between the inside and the outside diameters of MMC area 
leads to the determination of the MMC maintain at the step I + 1. 

If dM1e ≤ dM2, then the MMC is maintain. It means that the calculation process described in 5.6.4 is repeated to 
check the maintain of MMC at the next load condition. 

If dM1e > dM2, then the MMC is lost at step I + 1. The calculation shall be performed again from 5.6.3 with a 
higher initial bolt tightening within the range [FBMMC; FB0max]. 
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6 Checking of the admissibility of the load ratio 

6.1 General 

At this stage, we have determined the required bolt tightening to maintain the MMC at all the load conditions 
and to satisfy leak-tightness criteria at all the load conditions. We also dispose of all the forces values at all 
the load conditions. 

In this clause, the load ratio on the gasket, the bolts and the flanges are calculated to verify the admissibility of 
the loading at every load condition. 

Loads on the connection system shall be within safe limits at all times. These limits are expressed in calcu-
lated load ratios. 

Each load ratio Φ  ... shall be less than or equal to unity for all conditions (I = 0, 1, 2 ...). 

The index I for the load condition is omitted in the following for simplification. 

For wide flanges a more stringent requirement applies to integral flanges having 0204 ,/ >= ddχ  and loose 
flanges having 0264 ,/ >= ddχ  instead of 01,≤Φ  it shall be: 

( )






 −++=≤ 2

max 125516001Min χΦΦ ,,;, (108)

6.2 Accounting for bolt load scatter at assembly 

All bolt-tightening methods involve some degree of inaccuracy. The resulting scatter value for the set of nB 
bolts ε+ and ε- which result from this, respectively above and below the target value, are defined by Equations 
(109) to (111). Annex D gives indicative values ε 1+ and ε 1- for single bolts.

When the accuracy of the tightening of one bolt is not influenced by the other bolts, the scatter values ε+, and 
ε- for the global load of all the bolts is reasonably expressed in terms of nB, ε1+, and ε1- as described below. 

When the systematic error due to the inaccuracy of the bolt tightening method Ks is known, the following 
equation defines values ε +, and ε- for the global load of all the bolts: 

( ) nK+K= S+S+ b/−εε 1 (109a) 

( ) nK K= SS b/−+ −− 1εε (109b)

When the systematic error due to the inaccuracy of the bolt tightening method Ks is not known, a reasonable 
approximation of Ks is given by the following equation: 

+⋅= 1250 ε,SK (110a) 

 or 

−⋅= 1250 ε,SK (110b) 

In this case, the following equations follow: 

( ) 43+11 /bn/  = ++ εε (111a) 

( ) 43/+11 /bn= −− εε (111b) 

CEN/TS 1591-3:2007



40

The actual force FB0 is limited as follows: 

max00min0 BBB FFF ≤≤ (112) 

where: 

( )−−⋅= ε1av0min0 BB FF (113) 

( )++⋅= ε1av0max0 BB FF  (114) 

After assembly, the actual bolt force achieved shall be not less than FB0 req the required minimum bolt force cal-
culated to maintain the MMC and to ensure the required leak-rate in all the load conditions. 

req0min0 BB FF ≥  (115) 

Consequently the scatter of the bolt-tightening shall be taken account of in the following way. 

a) Nominal bolt assembly force, used to define the bolting-up parameters:

 For bolt-tightening methods involving control of bolt-load :

( )−−≥ ε1req0nom0 /BB FF (116)

 For bolt-tightening methods involving no control of bolt-load:

the value to be selected for FB0 nom is the average bolt load FB0 av that can really be expected in practise
for the method used, independently of FB0 req.

The following condition shall be met:

( )−−≥= ε1req0av0nom0 /BBB FFF  where ε- is as defined in Annex D (117)

If not, the bolt-tightening method initially chosen is not valid and shall be changed.

b) Maximum forces to be used for load limit calculation:

They shall be based on the nominal bolt assembly force selected according to a) above:

( )++⋅= ε1nom0max0 BB FF  (118) 

0max0max0 RBG FFF −=  (119) 

6.3 Gasket load ratio 

This subclause is identical to the subclause of EN 1591-1:2001 dedicated to the gasket load ratio. 

Gasket load ratio: 

( ) 1max ≤⋅= QAF GtGG /Φ (120) 

6.4 Bolts load ratio 

This subclause is identical to the subclause of EN 1591-1:2001 dedicated to the bolts load ratio. 
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Nominal design stress of bolts, shall be determined by the same rules as used for nominal design stress of 
flanges and shells. 

Bolt load ratio: 

131
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where: 

( ) 





 ⋅= 3min

2 BsBeB ;π dd
1

=I

C = 1 in assembly condition, for bolt material with minimum rupture elongation A ≥ 10 % 

C = 4/3 in assembly condition, for bolt material with minimum rupture elongation A < 10 % 

C = 0 in all other loading conditions 

NOTE 1 In the assembly condition, the value to be considered for the twisting moment Mt, B acting on bolt shanks is the 
maximum possible value, defined as: 

( )++⋅= ε1nommax Bt,Bt, MM  

Mt,B nom can be determined according to Annex D (informative) of EN 1591-1:2001, for the bolting-up methods 
involving application of the torque to the nut. 

With hydraulic tensioners, Mt, B = 0. 

NOTE 2 The value C = 1 is based on a plastic limit criterion. Due to this criterion, some limited plastic strains may occur 
at periphery of the bolts in assembly condition. 

Use of this criterion has been validated by industrial experience, for bolt material with sufficient ductility (A ≥ 10 %). 

The value C = 4/3 is based on an elastic limit criterion. Even with sufficiently ductile bolt material, it may be selected if a strict 
elastic behaviour of the bolts is wished in assembly condition. 

NOTE 3 It is recommended to observe a minimum load ratio ΦB0 min = 0,3 in assembly condition, because smaller initial 
bolt load is not good practice. 

6.5 Flanges load ratio 

6.5.1 Integral flange and collar 

Load ratio for flange, or collar (for collar Φmax = 1,0): 

( ) maxΦΦ ≤⋅+−⋅+⋅+⋅= FHRPHQMMGGF /WhFhhFhFhF (122)

( ) ( ){ }MMMDEEZoptFFFF /π kjcedfebfW Z ⋅⋅⋅×⋅⋅+−⋅⋅+⋅⋅⋅⋅⋅= 222 2124 ΨΨΨ (123)
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( )SFE ; fff min= (125) 

( ) ( )SDEERRSDEEQ π/;/ ϕδϕδ coscos2 ⋅⋅⋅⋅=⋅⋅⋅⋅= edfFefdP (126)
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( ){ };HRPHQMMGGM hFhhFhFhFj ⋅+−⋅+⋅+⋅= sign (129)

10111 ≤≤+≤≤−±= SM ; kkjS (130)

( )
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d
kjcce

kjde

eb
edf

(131)

The values of jS, kM, kS to be used are defined in the calculation sequence described following Table 2. 

( ) ( )1112 optopt +≤≤−−⋅⋅= ΨΨ ;/ FPM eej (132)

( )

( )

( )111min

0000

111max

+−−

+++

=

=

=

,,

,,

,,

ΨΨ
ΨΨ

ΨΨ
(133) 

The value ΨZ in Equation (123) depends on jM and Ψopt as given in Table 2. 

Table 2 — Determination of ΨZ 

jM Range of Ψopt kM ( )SMS ,, kkjZΨ

Ψmax ≤ Ψopt kM = + 1 ΨZ = Ψmax 

Ψ0 ≤ Ψopt ≤ Ψmax kM = + 1 ΨZ = Ψopt jM = + 1 

Ψopt ≤ Ψ0 kM < + 1 ),,( M 11 +−= kZ ΨΨ

Ψopt ≤ Ψmin kM = - 1 ΨZ = Ψmin 

Ψmin ≤ Ψopt ≤ Ψ0 kM = - 1 ΨZ = Ψopt jM = - 1 

Ψ0 ≤ Ψopt kM > - 1 ),,( M 11 ++= kZ ΨΨ  
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The sequence of calculation shall be as follows: 

a) Calculate eD from Equation (124), β having previously been calculated by Equation (9).

b) Calculate fE, δQ, δR, cM from Equations (125) to (127).

(If the value in the root giving cM is negative the hub is overloaded).

c) Calculate cS (j = + 1), cS (js = - 1), jM, Ψopt, Ψ0, Ψmax, Ψmin from Equations (128), (129), (131), (132), (133).

(If Ψmax < - 1 or Ψmin > + 1 the ring is overloaded).

d) Determine kM and ΨZ according to Table 2. When that table gives kM < + 1 or kM > - 1 or kM without no
more precision, the value of kM shall be determined so that WF is maximum in Equation (123) as calcu-
lated at step e) which follows. The value of ΨZ associated with kM is given by Equation (131).

e) Calculate WF, ΦF from Equations (123), (122).

6.5.2 Loose flange 

maxΦΦ ≤⋅= LLBL /WhF (134) 

( ) 22 LLLL /π ebfW ⋅⋅⋅= (135) 

6.5.3 Blank flange 

Load ratio for blank flange: 

( ) ( ) ( )
( ) ( ) ( )

1
2161

2161
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3

3

≤





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
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⋅−⋅⋅−⋅+⋅+⋅++
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= F

GeRGeQMMGRQG

GeRGeQMMGRQG
F /

/;/

;//
W

dFdFhFhFFF

dFdFhFhFFF

ρρ

ρρ
Φ (136)

( ) ( ){ }2
00

2 124 edebfW ⋅−⋅+⋅⋅⋅⋅= ρFFFF /π (137)

If there is a possible critical section where eX < eF (see Figure 9 of EN 1591-1:2001), then calculate additionally 
the following load ratio: 

( ) ( ) 123 ≤⋅−⋅= XXBX / WddFΦ (138)

( ) ( ){ }22
54 24 XXFXeFX /π ededddfW ⋅+⋅−⋅−⋅⋅= (139)

CEN/TS 1591-3:2007



44

Annex A 
(informative) 

Example of Gasket compression curve 

An example of linear approximation of the gasket compression curve is given here below. 

Figure A.1 represents the raw data of a compression test performed on a covered metal jacketed gasket 
(graphite covering, stainless steel jacket and graphite filler) fitted with an outer metallic ring. 

Key 
X gasket deflection (mm) 
Y gasket compression stress (MPa) 

Figure A.1 — Example of compression curve obtained by test: Covered metal jacketed 
gasket with outer ring 
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Key 
X gasket deflection (mm) 
Y gasket compression stress (MPa) 

Figure A.2 — Compression curve up to 300 MPa decomposed in four parts 

In Figure A.2, the compression curve represented between 1 MPa and 300 MPa is decomposed in four parts. 

Figure A.3 shows the approximation by linear parts of the gasket compression curve between 1 MPa and 
300 MPa. 
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Key 
X gasket deflection (mm) 
Y gasket compression stress (MPa) 

Figure A.3 — Approximation by linear parts of the compression curve 

The behaviour of the gasket in compression is defined by couples (QGj, eGj) with 0 ≤ j ≤ n. As an example, the 
compression curve in Figure A.3 is approximated by four linear parts thanks to five couples (QGj, eGj). 

Such as for QGj – 1 ≤ QG ≤ QGj, the thickness of the gasket in compression for a gasket compression stress QG 
is given by: 

( ) ( )
)QQ(

)ee(
QQeQe

GjjG

GjGj
GjGGjGG

1

1
11

−

−
−− −

−
⋅−+=

The definition of couples (QGj, eGj) depends on the gasket type, dimensions and MMC configuration. 

The compression curve obtained by test (EN 13555) to determine Qcrit (with the right platens configuration) 
may be used to obtain the couples (QGi, eGi) required to define the behaviour of the gasket in compression. 
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Key 
X gasket deflection (mm) 
Y gasket compression stress (MPa) 

Figure A.4 — Example of linear approximation of the gasket behaviour in compression 
showing couples (QGj, eGj) 
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Annex B 
(informative) 

Local compression deformation 

B.1 Axial flexibility modulus in the case of local compression area

Local compression phenomena may be not negligible in some calculation cases. Local compression phenom-
ena may occur on: 

The flange (or collar) at the interface with the gasket. 

The flange (or collar) at the interface with the metal to metal contact area. 

The collar at the interface with the loose flange. 

The loose flange at the interface with the collar. 

The flange (or loose flange) at the interface with the nut. 

Local compression phenomena are considered in the calculation with a model of a rectangular ring cross sec-
tion submitted to compression on both the upper and lower faces (see Figures B.1 to B.3 below). The effect of 
the compression is assumed to propagate within the ring thickness with a 45° angle (η = 1). 

Figure B.1 — Schematic representation of a cross section where local compression occurs 

∫∫∫ =
⋅

=⇒
⋅

==
eee

)()(
)(

000
zS

dz
F

Ee
Xdz

EzS
Fdzze

∆ε∆∆ (B.1)

According to the geometrical configuration, there are five different expressions of S(z), and so, five expres-
sions of the flexibility parameter X. 

CEN/TS 1591-3:2007



49 

Let write η = tan α  
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The expressions of X in the different local compression area are obtained by adapting the geometrical 
variables to the considered contact area. 
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Annex C 
(informative) 

Relaxation of the gasket: Three-parameter solid model 

C.1 Constitutive equation for one-dimensional response of viscoelastic materials

We use here the mechanical analogy to give the constitutive equation for one-dimensional response of a vis-
coelastic material. 

Mechanical analogy: 

Figure C.1 — Schematic representation of the mechanical analogy 

It consists in a Maxwell model (linear spring and linear viscous damper in series) and a linear spring asso-
ciated in parallels. 

In Annex C, quantities associated with the Maxwell element are denoted by a subscript M and with the spring 
by a subscript S. 

Force analysis: 

)()()( SM tFtFtF +=  (C.1) 

Geometry: 

)()()( SM ttt ∆∆∆ ==  (C.2) 

Force-elongation relations: 

)()( SS tKtF ∆⋅= 1 (C.3) 

V
F

K
F MM

M +=
&

&∆ (C.4) 

It leads to: 

∆∆ ⋅+⋅






 +=⋅+⋅
V
K

K
K

F
V

F
K

11111 && (C.5)
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In terms of stress and strain, it leads to the following constitutive equation: 

εξεξσωσω && ⋅+⋅=⋅+⋅ 1010 (C.6)

where: 






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 +====
E
EE

E
1

1
1

010 111 ξ
µ

ξω
µ

ω ;;; (C.7)

E and E1 in N.mm- 2 

µ  in N · mm- 2 · s

By application of the Laplace transform to the constitutive equation, we obtain: 

( ) ( ) εξξσωω ⋅⋅+=⋅⋅+ aa 1010 (C.8)

Stress relaxation response: 

Let 00 ≥= tt ,)( εε  then: 

( )
a

a 1
0 ⋅= εε (C.9) 

The Laplace transform of the stress history is then given by: 
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which is also written: 
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It leads to the expression of the stress history corresponding to the step strain history: 
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It may also be written: 

( ) ( ) ( ) Rτ

ε
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eGGGttG
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∞∞ ⋅−+== 0
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(C.13)

with: 
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ω
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===∞ R;; GG (C.14)

G(t) is called relaxation function. 
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C.2 Consideration of the Temperature effect

Here, the theoretical model known as “time-temperature superposition” is used. It describes viscoelastic be-
haviour with respect to time and temperature. 

We consider here the expression of the relaxation function as a function of log t: 

( ) ( )TtETtG ,, log= (C.15) 

E(log t, T0represents the relaxation function at temperature T = T0 

E(log t, TI) represents the relaxation function at temperature T = TI 

Assuming that E(log t, T0) is known, E(log t, TI) is obtained by shifting the E(log t, T0) curve to the left by an 
amount of log Φ(TI, T0) (see figure here below). 

Key 
X log (time) 
Y relaxation function 

Figure C.2 — Curves of E(log t , T) for two different temperatures T0 and TI 

( ) ( )( )00 TtTTGTtG ,,, II ⋅= φ (C.16)

Which is also commonly expressed by: 

( ) ( ) 




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
= 0

0
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TT
tGTtG ,
,

,
I

I a
(C.17)

( )0TT ,Ia  is called “Shift function”. 
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The expression of the relaxation function for temperature TI is: 

( ) ( ) ( ) )(
I

IR, T
t

eGGG
t

TtG τ

ε
σ −

∞∞ ⋅−+== 0
0

(C.18)

with: 

( ) ( ) ( )00 TTTT RIIR , ττ ⋅= a (C.19)

a (TI, T0) is determined by using the time-temperature superposition principle. Several stress relaxation tests 
performed at different levels of temperatures are required to obtained the “shift function” (see reference [1]). 
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Annex D 
(informative) 

Scatter of bolting-up methods 

Table D.1 — Indicative values ε 1 - and ε 1 + (6.2) for a single bolt 

scatter value a, b, c, d Bolting up (tightening) method; 
Measuring method Factors affecting scatter 

ε 1 - ε 1 +

Wrench: 
Operator feel or uncontrolled 

Friction, Stiffness, 
Qualification of operator 

µ5030 ,, +  µ5030 ,, +  

Impact wrench Friction, Stiffness, 
Calibration 

µ5020 ,, +  µ5020 ,, +  

Torque wrench = Wrench with 
measuring of torque (only) 

Friction, Calibration, 
Lubrication 

µ5010 ,, +  µ5010 ,, +  

Hydraulic tensioner; 
Measuring of hydraulic pressure 

Stiffness, Bolt length, 
Calibration 0,2 0,4

Wrench or hydraulic tensioner; 
Measuring of bolt elongation 

Stiffness, Bolt length, 
Calibration 0,15 0,15

Wrench; Measuring of turn of nut 
(nearly to bolt yield) 

Stiffness, Friction, 
Calibration 0,10 0,10

Wrench; Measuring of torque and turn 
of nut (nearly to bolt yield) 

Calibration 0,07 0,07

a Very experienced operators can achieve scatter less than given values, for inexperienced operators, scatter can be 
greater than shown. 

b Tabulated scatter values are for a single bolt, the scatter of the total bolt load will be less, for statistical reasons, see
 6.2. 

c With hydraulic tensioner, ε1 + and ε 1 - are not equal, due to the fact that an additional load is supplied to the bolt
while turning the unit to contact, prior to load transfer to the nut. 

d µ  is the friction coefficient which can be assumed between bolt and nut. 
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Annex E 
(informative) 

Calculation sequences 

Step 1: Determination of lever arms (except those depending on dGe and dMe) and flexibility of the 
flanges. 

(See 4.2) 

)~,
~

,
~

(~,
~

,
~

),,(,, LLLFFFLLLFFF edbedbedbedb andandand

)
~

( eee 333 ddd =  

EEEE
~

,~, dede and

QRLHQRLH
~

,
~

,
~

,
~

,,, hhhhhhhh and

LFLF
~,~, ZZZZ and

Step 2: Determination of the flexibility of the bolts 

(See 4.3) 

BB , XA  

Step 3: Determination of the theoretical dimensions of the gasket 

(See 4.4.2) 

GtGtGt ,, Adb  

Step 4: Determination of the appearance of MMC in assembly conditions 

(See 5.5) 

Step 4.1: determination of the range [QGj -1; QGj] where the MMC appears 

 determination of the force FGj to apply a given gasket surface pressure QGj (see 5.5.2).

GeGeGeG ,,, AdbF

 determination of the gasket thickness, gasket flexibility and lever arms depending on dGe (see 5.5.2).

GGGG ,
~

,, Xhhe

 determination of the local compression (if required) and the rotation angles (see 5.5.2).

LLFFFGFG
~,,~,,~, θθθθ∆∆ ee

 determination of dM1e (4.6.2.1)

 check of the MMC condition:
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dM1e ≤ dM2: Yes the MMC is reached and [QGj-1; QGj] is the range where the MMC appears 

dM1e > dM2: no, the MMC is not reached when applying a gasket surface pressure equal to QGj. The 
step 4.1 must be repeated with a higher gasket surface pressure. 

Step 4.2: determination of the force FGMMC for which the MMC appears 

(See 5.5.3) 

Step 5: determination of the forces FG0 & FM0 after applying a given initial tightening above FBMMC: 

(See 5.6.2 & 5.6.3): 

MMe , hd

WW , Xe

LLFF
~,,~, θθθθ

FGFG
~, ee ∆∆

LBLFFLFMFGLBLFFLFMFG
~,~,~,~,~,,,,, XXXXXXXXXX

ii
R0

ii
M0

ii
G0 ,, YYY

M0G , FF 0  first approximation 

Calculation: 

GGGGGeGeGe ,
~

,,,,, XhheAdb

WW , Xe

LLFF
~,,~, θθθθ

FGFG
~, ee ∆∆

MMeeM ,, hdd 1  

LBLFFLFMFGLBLFFLFMFG
~,~,~,~,~,,,,, XXXXXXXXXX

ii
R0

ii
M0

ii
G0 ,, YYY

M0G0 , FF

Iteration is repeated until the required accuracy is reached on FG0 and FM0. 
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Step 6: Determination of internal forces at the load condition I + 1, knowing the internal forces at the 
load condition I. 

ii
QI

ii
RI

ii
GI

ii
MI

i
QI

i
RI

i
GI

i
MI ,,,,,,, 11111111 ++++++++ YYYYYYYY

11 ++ MIGI , FF  (first approximation) 

GGGGGGeGeGe ,,
~

,,,,, EXhheAdb

WW , Xe  

LLFF
~,,~, θθθθ

FGFG
~, ee ∆∆

MMeeM ,, hdd 1

LBLFFLFMFGLBLFFLFMFG
~,~,~,~,~,,,,, XXXXXXXXXX

ii
QI

ii
RI

ii
GI

ii
MI

i
QI

i
RI

i
GI

i
MI ,,,,,,, 11111111 ++++++++ YYYYYYYY

111 +++ BIMIGI ,, FFF

Iteration is repeated until the required accuracy is reached on FGI + 1, FMI + 1 and FBI + 1. 

This step is repeated for all the load conditions. 

After the calculation of FGI + 1, FMI + 1 and FBI + 1 at the load condition I + 1, in case of increase of thermal or 
mechanical load on the gasket, the step 7 must be achieved. 

The MMC is checked to be maintained after each calculation condition. 

The leak-tightness criteria are checked after each calculation condition. 

At the end of this step, 

If the MMC is maintained and the leak-tightness criteria respected at every calculation conditions, then the 
initial tightening can be decreased (but the tightening must still remain within the range [FBMMC; FG0 max]) and 
the step 5 must be repeated  

If the MMC is lost in one of the calculation conditions, the calculation can be stopped, the MMC cannot be 
maintained for the defined bolted joint and the design of this joint must be revised. 

If the leak-tightness criteria are not respected in one of the calculation conditions, the calculation can be 
stopped, the leak-tightness criteria cannot be respected for the defined bolted joint and the design of this joint 
must be revised. 
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Step 7: Determination of the internal forces after relaxation of the gasket 

1+GIF  after relaxation 

GGGGGGeGeGe ,,
~

,,,,, EXhheAdb

WW , Xe

LLFF
~,,~, θθθθ

FGFG
~, ee ∆∆

MMeeM ,, hdd 1  

LBLFFLFMFGLBLFFLFMFG
~,~,~,~,~,,,,, XXXXXXXXXX

ii
QI

ii
RI

ii
GI

ii
MI

i
QI

i
RI

i
GI

i
MI ,,,,,,, 11111111 ++++++++ YYYYYYYY

11 ++ BIMI , FF  

Iteration is repeated until the required accuracy is reached on FMI + 1 

Step 8: Determination of the load ratio 

(See Clause 6) 

max0nom0 BB , FF

from these values, we repeat the whole calculations from step 5 in order to determine the internal forces to be 
considered in the load ratio calculation at all the load conditions. 

At all the load conditions: 

)~,(,~,~,,,, XXLFLFGB ΦΦΦΦΦΦΦΦ
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Annex F 
(informative) 

Determination of the compliance equations 

The consideration of the MMC leads to the determination of the reaction force on the MMC area FM. It means 
that an additional compliance equation is required. 

To determine FB, FG and FM, we dispose of the 3 following equations: 

 Forces balance:

RQMGB FFFFF +++= (F.1) 

The first deformation compatibility equation: 
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Second deformation compatibility equation: 
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22 (F.3)

All the deformation terms are written as a function of the corresponding forces in the 2 deformation compatibil-
ity equations here above in order to obtain the 2 compliance equation given here below. 

First compliance equation 

The first compliance equation is determined from the forces balance and the first deformation compatibility 
equation: 

( ) ( ) ( ) ( ) 0=+⋅+⋅+⋅+⋅ i
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i
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i
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Second compliance equation 

The second compliance equation is determined from the forces balance and the second deformation compati-
bility equation: 

( ) ( ) ( ) ( ) 0=+⋅+⋅+⋅+⋅ ii
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