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SUMMARY

Influence of the bolt tensile stiffness and the bolt preloading on the response of the face-to-
face flanged connections and flanges alone has been studied in full size steel and plastic
models of bolted and boltless connections.

The results show that bolt tensile stiffness and the bolt assembly forces are major design
parameters since the elastic response of the flanged connection is influenced significantly by
both these parameters. The influence of the variation of the axial shell force or of the internal
pressure in the pressure vessel on the bolt working forces and on the deformation of the
flanges significantly decreases when the bolt tensile stiffness and the bolt assembly forces
increase. The bolt preload produces significant change of the geometry of flanges which result
in a particular assembly stress state in the adjacent parts of the shell. The width and the
location of the interface contact area depends mainly on the bolt preload and the bolt tensile
stiffness.

The elastic response of the bolt assembly as described by the tensile stiffness is non linear
and depends strongly on the load level in some particular cases.

Results indicate that model studies of such elastic systems shall be based on rigorous
conditions of similarity. Consequently, the results of typical photoelastic stress freezing
techniques cannot be—in general cases—either interpolated or extrapolated linearly.
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1. Introduction

One of the consequences of the rapidly growing use of pressure vessels of various types
is the increasing interest in optimization of the comnections, especlally bolted and bolt-
less flanged connections.,

At the present knowledge, it 1s still not possible to develop sufficiently accurate and
sufficlently convenient analytical relations which satisfactorily predict the stress state,
strain state and deformation state even for the simple case of the boltless face-to-face
flanged connection [1]. In actual fact, the problem is theoretically very complicated,
Typical industrial flanges are already outside of the range of validity of all solutions
based on the thin plate (Kirchhoff's Model) theory, for which the plate thickness should be
negligible with respect to all other dimensions [2].

The behavior of industrial bolted flanged connectlons is more stochastic than determin-
istic. For economical reasons the surfaces where contact occurs between the flanges, bolt
heads, washers and nuts cannot be machined according to close tolerances. The clearance
between a one-inch diameter bolt and its bolt hole 1s around 1/8 of an inch, As a result,
bolt assembly forcea produce bending stresses in flanges and in the shells which depend on
the degree of warping and of waviness of all contacting surfaces, For the same reasoms,
bolts are usually loaded by a bending moment and an axial bolt force which does not neces-
sarily act along the axis of the bolt hole, The values of bolt tensile stiffness as calcu-
lated from the well known elementary formula may deviate strongly from the actual values.
All these facts are well known, however the influence of these facts in the real response of
the bolted assembly 1s usually not taken into account in design.

In spite of what theory is used in design, it i1s obvious that the response of the bolt-
ed assembly 1s depended on the relative displacements of each component, Therefore, the bolt
tensile stiffness and the level of prestressing of the bolt system are certainly two of the
major design parameters. The former parameter characterizes the load-displacement relations
of the bolt system, the latter parameter characterizes the initial displacement of the bolt
system and the initial displacement which imposed to the flange connections.

The term "bolt asystem" denotes bolts with washers and nuts.

The purpose of this paper 1s to present and discuss some experimental data directly
related to the elastic response of the bolt systems and its influence on elastic response of
flanged connections.

The following quantities have been chosen as representing the behavior of connections:
the bolt working force (operation force), interface contact force, the deformation of
flanges and the interface contact area.

The independent parameters are the internal pressure, or the axial ghell force, and the
bolt assembly force,

2., Design of Experiments

Ten-inch diameter ASA 300 psi rated flanges have been chosen as the object of this
study. The geometry of the system, the materials, material constants, allowable stresses,
ylelding stresses, elements and the acting loads have been chosen according to the recent
Pressure Vessel Code [3,4].

Three types of model have been built based on the model similarity conditions. Since
the behavior of such systems as bolted flanged connections ie strongly nonlinear, [1,5,9],

the ratio of corresponding strains in the object and its models should be equal to one,
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Consequently, full size models were built and the applied loads were proportional to the
corresponding ratios of moduli of elasticity of the model and object materials:
.h
Py B

L

The influence of differences in the Poilsson's ratio has been neglected, since in the
case under investigation this influence has been estimated to be less than 5% on the basis
of the thin plate theory and the short beam theory.

The following loads have been considered as independent variables:

a) either the internal pressure 'p", or the axial shell force "Ps" resulting from an
internal pressure, calculated for the case when no flange separatlomn occurs at the
internal diameter.

b) the bolt assembly force "PbA" with a certain bolt tensile stiffness "Z",

Obviously the bolt tensile stiffness Z depends on the geometry and material of bolts,
washers and nuts; from a practical point of view it can be considered as the static equiva-
lent of the general mechanical impedance,

All loads are presented as total loads (not load intenseities).

Three basic types of models investigated are: Bolted Model, Boltless Model and Flange
Model, Fig. 1.

a) Bolted Model made of steel (El =2,1x 106 kg (:m-2 = 30 x 106

1b. in-z) Fig. la,
was an idealized version of the typical industrial connections; the tolerances of
machining and of assembling were much higher than required by industrial standards.
The roughness of contacting surfaces was 0.2 micron. The bolt tensile stiffness
was close to that of the bolts used in practice. The model was loaded internally
by oil pressure varying from O to 300 psei.

b) Boltless Model made of epoxy resin (Ee = 37 x 103 kg t:m_2 = 525 x 103

b, 1072,
Fig., 1b, represented the mathematical model commonly used in theoretical analyeis.
The bolt circle force has been replaced by a bolt ring force 12.5 mm (0.5 in) wide.
Incidentally, such connections occur in engineering practice.

The equivalent tensile stiffness of the bolt simulating systems corresponded
roughly to the tensile stiffness of industrial comnections where the bolt assembly
force is set at 10% of the allowable load. The model was loaded internally by air
pressure varying within the limits O to 15 psi (this corresponds to a pressure from
0 to 855 psi in the Bolted Model) or by the axial shell force, as in the Flange
Model,

¢) Flange Model made of plexiglas (Ep =32 x 103 kg cm_2 = 455 x lO3

. 1n7%), Fig.
lc, represented flanges not connected with shells. Flange Model was loaded by the
ring bolt force through an equivalent bolt tensile stiffness as Boltless Model, and
by the axial shell force,

More details on the design of experiments and on the measurement technique are given in
paper [1l]. Bolt assembly forces and bolt working forces for the Bolted Model have been
measured by internal gages located close to the bolt axis as described in paper [6].

3. Experimental Results

This paper presents only the part of the results which characterize the elastic response

of the bolt assembly and which characterize the dependence of the behavior of the face-to-
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face bolted and boltless flanged connections on the bolt tensile stiffness and on the bolt
preload.,

3.1 Elastic Responge of Bolt System to Axial Loads

The bolt system consisted of twelve gingle bolt systems represented in Fig, 2a. Elastic
response of such a system to bearing forces between the inner surfaces of washers and the
outer surfaces of flanges can be convenlently characterized by the change with the axial load
P of the distance lo between the inner washer surfaces, or by the change with the load of
the overall length Lo' The first measure, 20 = EO(P) 1s more convenient for determination
of the interaction between the flanges and the bolts; the second, L = L(P) 1s more conveni-
ent for determination of the bolt load,

It is often assumed that the function

Zo = lo(P) or Alo = AQO(LO, P)

1s linear with respect to P and 1s compatible with the definition of the bolt tensile gtiff-
ness, Z,
P

Z = —o2=

A%
o

(2)

ol

when lo is replaced by the so-called effective strain length of the bolt or effective bolt
length, le. The effective bolt length according to [4] is:

8, =k + 2t + 0.5 d (3a)
The mechanical model of this formula is represented by Fig. 2b:
P
Ale = Alo = z: where Zo = const. (3b)

A better mechanical model of the actual bolt tensile stiffness 1s given in Fig. 2c¢; the
corresponding formula for change of the distance lo is:

1 2 1 1
d(ae ) = [5—+ + + ] dp (%)
o 2, Z,(®) (P z,(®)

where 2, = const. and ZZ(P)’ ZB(P)’ ZA(P) are nonlinear functions of P; values of 22, Z3 and
Z4 increase with increasing P to a certain maximum value, ZA(P) depends strongly on the
geometry of the nut,

The change with axial load of the overall bolt length can be approximated by a mechani-
cal model represented on Fig. 2d} the corresponding formula is:

1 1
d(ALo) = [Zs—+ ZGT)—] dpP (5)

where Z5 = const. and Z6(P) i1s a nonlinear function of P, Stiffness Z6(P) decreases with
increasing P, to a certain minimum value.

The experimental results, presented in Fig. 3 confirmed the above analysis, Fig. 3
presents the calculated and the experimentally determined elongations of the system of 12
single bolt subsystems as in Fig. 2a, and of several bolt stimulating systems as a function
of the total bolt force. The results for plastic models were recalculated for steel, by
means of known model law (1).

Four characteristic bolt force levels are indicated on Fig, 3: bolt force corresponding
to the rate pressure 300 psi; bolt force corresponding to the pressure 720 psi; and bolt
forces equal to 50% and to 100% of the allowable bolt force, corresponding to the allowable
bolt stress of 50,000 psi for twelve bolts made of steel type A-540 B 23 of one-inch
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diameter [3].

Curve (a) shows the variation of elongatlon with axial load for a prismatic bar having
a cross-sectional area equal to the total cross-sectional area of twelve bolts, and the
length equal to the distance between the washer inner surfaces, (JLO)a = 3,39 in. The slope
of the curve (a) represents the bar tensile stiffness, Za.

Curve (b) presents the elongation of a one-inch diameter bolt, threaded full length;
the distance between the bolt head and the nut was equal to 3.64 inch (9.55 cm); the effec-
tive bolt length, L., was calculated according to elementary formula (3): L, = (R,o)b = 4,06
inch. The bolt core diameter (0.84 in) has been taken as the bolt diameter.

The slope of the curve (b) 1s constant, and equal to the bolt tensile stiffness:

_nEA _ 6 -1 _
Zb == 49, x 107 1b in
e
- 8.75 x 10% kg em? (6)

According to this formula Zb does not depend on the load level. Zb 18 equal to about 85% of
the Za'

Curve (cl) presents the elastic response to axlal tensile load of the system of 12 in-
dustrial bolts commonly used in such flanged connections, for (JLO)c = 3,39 inch. Each single
bolt system consists of the 1 inch bolt, two washers and one heavy series nut. As expected,
the relation between the bolt force and bolt elongation is strongly nonlinear for low bolt
forces. The slope of the curve representing the stiffness for the given force,

Z, = 30y = Z(® )
is initially very small but approaches the slope of the (b) curve when the bolt force ex-
ceeds 50% of the allowable bolt force. The slope of curve (c) approaches about 55% of the
slope of the curves (a) and (b) only at very high loads, close to the allowable loads.
However, the corresponding elongation is several times greater. For low bolt forces, cor-
responding to the rated pressure, the actual bolt tensile stiffness 1s only about 30% of the
calculated value or less.

The slope of the curve (cz) presentes the stiffness of the bolt system used in the Bolt-
ed Model, Bolt shafts are cylindrical and 2.25 in, long, In spite of a 0.22 inch diameter
and 2 inch long hole in the bolt axis, the tensile stiffness of these bolts is slightly
higher than that of the industrial bolts.

Curve (d) presents the actual variation of the overall bolt length with the axial load.
As expected, this relation is slightly nonlinear.

The slopes of the curves (el), (e2), (e3) present the tensile stiffness of the bolt
slmulating system for the Boltless Model, The slope of the (e) curves 1s close to the
slope of the (cl) and (c2) curves when the bolt force corresponds to the rated pressure,

The slopes of the curves (f) and (g) present two tensile stiffnesses of the bolt simu-
lating systems used to investigate the response of the Flange Models.

3.2

on Response of Flanges not Connected with Shells
The influence of bolt tensile stiffness on the functional relationships between the bolt

working forces Pb’ the interface contact force, R = Pb - Ps' and the axial shell forces, Ps'
18 {1llustrated by Fig. 4 for several bolt assembly forces,

Results show that both the bolt working forces and the interface contact force increase
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with increasing bolt tensile stiffnesses.

The nonlinear relations between the axial shell force and either the bolt working forces
or the contact force is clearly indicated, Increasing bolt preload causes an increase in the
linear range of the dependence of Pb and R on the axial shell force., In the whole range of
the axial shell force and the allowable bolt forces, the change of the interface contact
force is strongly nonlinear for given values of bolt stiffnesses: the value of this force
at first decreases with increasing axial shell force and then increases. Increasing bolt
stiffness increases this nonlinear dependence especially when the bolt assembly forces are
low.

Figs. 5a and 5b present schematically the dependence of the flange deflection in the
axial direction on the bolt stiffness and the bolt preloading. The figures are self-explana—
tory. It follows clearly that the part of the deflection of the flanges due to the axial
shell force decreases with increasing Z and PbA; consequently, the rotation of the inner
flange boundary decreases too,

One of the major parameters describing the behavior of the face-to-face flanged connec-
tion 1s the interface contact area. The typical dependence of the contact area on the bolt
preload and the axial shell force is presented in Fig. 6. It follows clearly that when the
bolt assembly force increases, the centre of the Interface contact area approaches the bolt
hole circle. The influence of the assembly forces on the location of the centre of the
contact area 1s greater than the influence of the axlal shell force, i.e., the influence of
the internal pressure,

3.3

One of the most important problems of the stress analysis in flanged connection, namely
the correlation between behavior of bolted and boltless face-to-face flanged connections,
and the influence of the bolt assembly forces on real structures, can be discussed on the
basis of results presented in Fige. 7a and 7b.

Fig. 7a presents the relation for the Boltless Model, namely the dependence of the work- .
ing bolt force on the internal pressure for several bolt assembly forces., It follows that
the variation of the bolt working forces with the internal pressure is negligible when the
bolt assembly force 1s above a certain level, which depends on the value of the internal
pressure,

Fig. 7b presents the same relation for the Bolted Model and the relation for the resul-
tant of interface pressure. These relations are qualitatively identical with the relations
for the Boltless Model; however, there are some insignificant quantitative differences,

These differences are due to the following two reasons,

In the Bolted Model, the variation of the axial shell force is proportional to the inter-
nal pressure because an oil ring prevents the oil from penetrating between the flange faces.
In the Boltless Model, the air can penetrate the space between flanges which results from
the deflection of flanges; comsequently, the total axial force resulting from the internal
pressure increases faster than the internal pressure,

The Boltless Model is loaded by a ring bolt force 0,5 in. wide; this means that the load
acts on 20% of the flange width., In the Bolted Model the bolt force is tramsmitted to the
flanges by 2-inch diameter washers, loaded by bolt heads and nuts; in this model the load
acts on 75% of the flange width,

The influence of the bolt preload on the axial deformation of the flanges of the Boltless
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Model 1is illustrated by Fig., 8. The state of deformation 1is also influenced by the shell
connected with flange,
The bolt preload produces certain radial deformations as shown in Fig. 9. Radial
displacements of the flange depend nonlinearly on the bolt preload.
One of the factors characterizing the state of deformation of the flanges under bolt
preload 18 the axial displacement of the bolt circle, Fig. 10.
4, Conclusions
The results show that the bolt tensile stiffness and the bolt preloading during assem-
bling of the bolted flanged comnections are major design parameters. The influence of these
parameters on the response of the connection 1s particularly significant when the connection
18 loaded by the rated pressure and by an axlal shell force, as well.
The influence of the pressure in the flanged connection of the axial shell forces on
the flange deflection, on the variation of the bolt working forces, and on the location of
the interface contact area decreases significantly when the bolt tensile stiffness and the
bolt preload increases,
At high Z and PbA
circle, for the whole range of pressure; thus the probability of leaking is lowered,

values the contact area is practically centered around the bolt hole

Variation of the flange deformation and of the bolt working forces with varying inter-
nal pressure and varying axial shell force decreases with increasing bolt stiffness and bolt
preloading. It seems to follow from this fact that it should be possible to increase the
service life of the metal-to-metal connections by increasing the bolt preloading and the
bolt etiffness.

Response of flanged connections with flat gaskets depends obviously on the visco-elastic
response to loads of gasket material, Some new data on creep of gasket materials are pre-
sented in {7].

A certain constraint for the upper limit of the bolt tensile stiffness and the bolt
preloading seems to be represented by the acceptable maximum value of the flange rotation
produced by bolt preload which in turn depends on the bending stiffness of the flanges: the
results show that the flange deformation produced by bolt preload produces a distinct, non-
negligible, stress state in the connection flange-shell., This assembly gtress state in
flange and shell could be detrimental or could be helpful from the point of view of the ser-
vice life of the connection, depending on the signs and magnitudes of the assembly stresses
induced by service loads.

The results show that the bolt temsile stiffness as calculated from the elementary
formula 18 a rather poor measure of the bolt behavior, especially at low values of the bolt
agsembly forces. The so-called effective bolt length as defined by the linear formula for
the bolt stiffness 1s a strongly nonlinear function of the bolt load, However, when bolt
preloading 1s above 50% of the allowable bolt load for high strength steel, the bolt tensile
stiffness approaches 50% of the calculated stiffness and varies insignificantly with the bolt
load.

Influence of the bolt preloading and the bolt stiffness on the response of the bolted
steel model, the boltless epoxy model and the plexiglas flange model is qualitatively the
same. To a certain extent, this fact justifies the present tendencies to predict the be-
havior of a bolted flanged connection on the basis of the known behavior of a boltlees con-

nection.
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The response of the comnection is strongly nonlinear as already observed by other
authors [8]. This fact limits applicability of various model techniques requiring excessive
deformation, such as the photoelastic freezing techniques. The results of the model tests

of bolted flanged connections are linearly transferrable to the prototype only when the
strains in the model and object are identical. Deviations from this principle introduce
errors of unknown magnitude and sign.

In summarizing, the following particular conclusion could be formulated:

1. Bolt tensile stiffness related to the distance 20 between the washers is a
strongly nonlinear function of the bolt load,

2. The length of the threaded part of the bolt should be 'kept to a minimum, to
increase the bolt tensile stiffness.

3. Design Codes should prescribe the minumum values of the bolt assembly forces; for
instance in the range from 50% to 90% of the allowable bolt force depending on the
bending stresses in bolts and the presence of a gasket,

4, Model tests of such systems as bolted flanged connections should be performed at
identical strains; this severely limits the applicabllity of freezing techniques.

5. Bolt tensile stiffness, i.e., the equivalent stiffness of the bolt load simulating
system in any model test or prototype test, should correspond closely to the bolt
tensile stiffness in the working conditions of the connection, otherwise the
results are not transferrable.
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I, R.R
5% R 0% BOLTED MODEL
[05Kq] BOLTLESS MODEL [10%kg] o R=8,(p)
s N (10%1b) ® R=R (p)
o (';W:)““‘ AT Ry, =CONSTANT
e (e 2=2. (Fig 3)

Rarl32 4%103Kg

Ry *109% 103 Kg
(L1
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Figure 7: Influence of the bolt assembly force P, , on the variation of the bolt working
forces Pb and the resultant of the internal pressure R with the internal pressure
P.

(a) Boltless Model Z = Ze (Figure 4)

(b) Bolted Model Z = Zc
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Figure 8: Axlal deflection of the flanges surface of the Boltless Model with respect to the
bolt circle, under influence of the bolt preloading.
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BOLTLESS MODEL

[/‘] AD=AD(P,y)  Dy=406cm=16"
Ad=Ad(Py,)  do=254cme 0"
FOR Z=Z, (Fig 3)
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Figure 9: Change of the inner and outer diameter of the flange produced by bolt preload in
Boltless Model.
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Figure 10: Displacement of the bolt circle 8% produced by bolt preload in Boltless Model.








