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ANALYSIS OF PRETENSIONED BOLTED JOINTS SUBJECT TO TENSILE
(SEPARATING) FORCES

This Data Item provides a method for the analysis of bolted joints in which the bolt is pretensioned and is
subject to further tensile load as a consequence of load passing through the joint. The analysis is designed
to allow selection of bolt pretension such that, under the application of a known load, the limiting situations
of bolt yielding or joint separation do not occur. Several diagrams are included that illustrate the influence
of the many variables on the pretension for the limiting situations together with a description of the effect
of pretension on the fatigue loading acting on the bolt.

The Data Item is provided in two sections. Section 1 describes the theory and sets out two methods, one

for joints with relatively thin feet and one for joints with relatively thick feet. The methods are presented

so that hand calculations may be performed and two fully worked example calculations are provided. The
| methods of Section 1 have been programmed and Section 2 describes the use of the program.

1. THEORY
1.1 Introduction

This Item describes methods of analysis of bolted joints in which the bolt is pretensioned and is subject to
further tensile load as a consequence of the load passing through the joint. The analysis is designed to
allow selection of the bolt pretension such that, under the application of a known load, the limiting situations
of bolt yielding or joint separation do not occur.

In such joints applied loads enter the assembly via the joined members, usually offset from the bolt, see,
for example, Sketch 1.1. The way in which the joined members introduce the load into the joint, coupled
with the stiffnesses and geometry of the components of the joint assembly and its pretension, governs the
distribution of the load among the component parts of the joint. Because of this it is necessary to analyse
the load distribution within a joint before its strength or performance can be determined. Some of the
stiffnesses involved in such an analysis can only be estimated, mainly because the associated areas of their
influence are imprecise quantities. Accordingly, analysis should be used to investigate and improve
joint design rather than to obtain precise solutions of stresses and deflections within the joint. It
should be noted that the entire analysis is carried out in terms of the load on a single bolt but guidance is
provided for the case of multi-bolted joints.

ESDU Copyright material. For current status contact ESDU.

This section of the Data Item explains the derivation of the analysis used in ESDUpac A8521 and
Section 1.14 gives examples of the variation in the pretension required to prevent yield and separation for
atypical bolted joint assembly having thin feet. For joints with thick feet the variation of pretension required
to prevent separation is shown graphically.

1.2 Notation

The notation shows both Sl and British units. All the figures are non-dimensional so that any coherent
system of units may be used. Section 1.16 provides two worked example calculations, one in Sl units and
the other in British units.
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The following notation is illustrated by the joints shown in Sketches 1.1, 1.6 and 1.8. The component parts
of the joints will be referred to using the names given in the labels on those sketches. The term ‘foot’,
illustrated in Sketch 1.1, is used throughout this Item, although for many joints it may be part of a flange
or plate or some other member.

General Symbols

A effective cross-sectional area of component m? in?

a distance from bolt centre-line to hinge point (see m in
Sketches 1.5a and 1.5b)

b distance from bolt centre-line to load line (see m in
Sketch 1.1)

c effective diameter of nut or bolt head and associated m in
washer assembly (see Section 1.6.3 and, for an
example, Section 1.16.1.1)

Dy outer diameter of practical working area of foot (see m in
Section 1.6.3)

d diameter m in

dy, nominal diameter of bolt (see Sketch 1.1) m in

E modulus of elasticity of material of component N/m? Ibf/in?

g effective length of foot (see Sketch 1.8) m in

h thickness m in

I effective second moment of area of foot-print (see m* in*
Section 1.7 and Sketch 1.8)

i height of bow of slightly arched foot (see m in
Sketch 1.9)

| distance from heel of joint to neutral axis of bending m in
of effective area of foot (see Section 1.7 and
Sketch 1.8)

K axial stiffness of joint N/m Ibf/in

k axial stiffness of joint component N/m Ibf/in

I length of component m in

m distance from bolt centre-line to heel (see m in
Sketches 1.1 and 1.8 and Section 1.7)

Nep o Net program control integers, see Table 2.2
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npb , nIof number of plates, see Table 2.2

TYPE program control integer, see Table 2.2

P load N Ibf

PtA , PtAu : PtAum , see Section 2.4.4.2 N Ibf

Ptum ! PtUEX

p thread pitch m in

R reactior_l in region of toe in rigid foot after N Ibf
separation

T temperature °C °C

TEMP program control integer, see Table 2.2 m in

W width of foot (see Sketch 1.1) m in

X coefficient correcting actual or reference value to

effective value
o coefficient of linear thermal expansion (m/m)/°C (infin)/°C

Y non-dimensional stiffness parameter,
see Equation (1.9)

) axial deflection of component m in

€ strain

1.2.2  Suffixes, Prefixes and Primes

The following are attached to the symbols above as required.

ESDU Copyright material. For current status contact ESDU.

A at assembly conditions (temperature)

a externally applied (load or deflection)

as externally applied load at separation

b bolt

bs separation below bolt

c relates to an additional component

e relates to conditions with non-flat components

f foot
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separation at heel

inner

at lower working temperature
number of component parts in a stiffness calculation
loaded threaded portion of nut
outer

plate

relates to thread pitch

shank of bolt

pretension value

pretension value at temperature T
loaded threaded portion of bolt
at upper working temperature
washer

yield

change of quantity from assembly conditions

prime indicates an effective value (when both real and effective values are used)

4
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These subscripts are also used as labels, together with numbers, when more than one component of the
same type is present; see, for example, Sketch 1.6 which shows two plates, labelled p; and p, , one above
and one between two feet labelled f; and f; .
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Sketch 1.1 Illustration of notational terms in a simple joint
1:;.f3 Load Path Through an Idealised Joint With a Pretensioned Bolt

In order to describe the paths taken by an applied load through a bolted joint it is convenient to consider
an idealised joint loaded axisymmetrically with respect to the bolt centre-line, see Sketch 1.2. This is then
extended, to cover offset loaded idealised joints. Later sections use these simplified analyses to explain
the behaviour of practical joints.

The analyses considered apply to a joint containing only a single bolt. However, they may be extended to
multi-bolted joints, such as those at

(i) astraight row of bolts,
(if)  pressurised lids
and (iii) circular flanges.

ESDU Copyright material. For current status contact ESDU.

In each of the cases (i) to (iii) the joint is tightened using more than one bolt. Thus, the joint must be divided
into equivalent sections containing only a single bolt carrying its proportion of the load. From this the
overall joint behaviour can be assessed. It should be noted that for circular joints, circumferential effects
are neglected, which leads to a conservative analysis. Gaskets may be included in the analysis, provided
that they extend across the full width of the joint and that they behave linearly across the range of extension
of the joint assembly.
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1.3.1 Linear analysis of load paths through axisymmetrically loaded idealised joints

Sketch 1.2 illustrates an idealised joint in which a single bolt is pretensioned on assembly, so that the bolt
and feet loads are Py, and the opposed loads P, are applied to the plates. The behaviour of the joint is
simplified by assuming that the applied load P, acts at the interface between the feet and bolt assembly, as
shown on Sketch 1.2b. In addition, the nut and the bolt head are assumed to be rigid, with the bolt shank
having only extensional stiffness and the feet having only compressive stiffness. The joint can then be
idealised as an assembly of springs, as shown in Sketch 1.2c, with the load applied axially to the rigid blocks
at each end, which represent the nut and bolt head. The outer springs represent the feet, having combined
stiffness k¢, and the inner spring, of stiffness ky, , represents the bolt. The basis of the analysis is to calculate
ks and ki, and from these and the external load to calculate the load in the bolt and in the feet.

Sketch 1.3 shows a graphical presentation of the load deflection behaviour of the idealised joint assembly
with tensile loads and deflections shown positive and compressive loads and deflections negative. The line
A-B represents the bolt behaviour and has a slope of kj, so that

ky, = Pp/dy- (1.2
Similarly, the line C-D represents the behaviour of the feet and has a slope of k; so that

ki = P; /8. (1.2)
Note that both ki, and k are positive values.

Sketch 1.4a shows a diagram similar to that of Sketch 1.3 but with the datum taken to be at the pretensioned
unloaded condition and all loads and deflections as positive quantities. Thus, the lines A-B and C-D on
Sketch 1.3 are translated onto Sketch 1.4a as shown. Note that k¢ is positive, despite the apparent negative
slope of the line C-D in Sketch 1.4a. This sketch shows that as the bolt load is increased so, because the
bolt extends, the compressive load in the feet reduces. The load is therefore carried across the interface
X-X of Sketch 1.2c as the increased Py, and reduced Py, or

a

Thus, the line E-F on Sketch 1.4a also represents P, since it is the difference between Py and P;. The joint
therefore transmits the applied load by increasing the bolt load and simultaneously reducing the joint
interface pressure. Note that the increase in Py, as a result of the applied load, that is P, — Py, is much less
than P, . Sketch 1.4a shows that when the applied load is sufficiently large P, has the value D-G. At this
point the interface load becomes zero and the bolt load equals the applied load.

ESDU Copyright material. For current status contact ESDU.

P, = Pus = Kydys + Py, (1.4)
where
Sps = O = Pk (L5)
so that
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Sketch 1.2 Idealised joint

Sketch 1.3 Load
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Delection

(o2

deflection plot for idealised joint of Sketch 1.2c. (Tensile loads and deflections
positive, compressive loads and deflections negative)
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(i) Finger tight (ii) Pretensioned only (iii) Pretensioned and (iv) Loaded beyond
All loads zero P.=P =P ;P_= externally loaded separation
P,>P. P <P, P,=P,iP; =0

[ 11 [ 11 [ 11 [ 11
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Sketch 1.4 Axisymmetrically loaded idealised pretensioned joints
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Pas = Pi(ky/ks +1).

Beyond P the bolt load still equals the applied load, thus,

P, =P
b a
where P,>Pas-

P, =0

(1.6)

(1.7)

This change in behaviour at P, = P4 is accompanied by a change in the total joint stiffness K. Thus,

A
1

kb + kf for P, <Py

and

A
1

kb for Pa > Pas .

(1.8)

The diagram of Sketch 1.4b is similar to that of Sketch 1.4a but with the abscissa representing the applied
load. Diagrams of this type are usually more convenient for design since, as will be shown in later sections,
they can illustrate the effect of prising action. Because the applied load is plotted in both the ordinate and
abscissa, a line of unit slope represents the case where all the load is taken by the bolt. For this diagram

the slopes of the lines, y, and y;, are given by the simple equations

Y = V(1 +K 7Kp)
and
v = L(1+ky/ke) .

From which it follows that
Yptve = 1
and that Equation (1.6) may be expressed as
P.s = Pilvs-
Also, the bolt load before separation is simply given as
P, = Pi+Puy, = P+ P IL/(1+Kk/kp)]
and after separation P, = P, .

The load in the feet is given, from Equation (1.3), as

P = Pp—Pa = P+ Payy,— Py

9
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= Py—v; Py = Py = P,IL/(1 +ky/kp)] .

(1.9)

(1.10)

(1.11)

(1.12)
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Thus the assembly pretension associated with bolt yield is given by

Py = Py—1pPa- (1.13)

Note that v, , v¢, k;, and k; are all positive quantities butthat y; has negative slope, as does k; on Sketch 1.4.

The simple Equations (1.1) to (1.12) can be applied to more complex arrangements of axisymmetric joints
provided that the stiffnesses k, and k; include the appropriate elements. This is described in detail in
Section 1.4.

14 Load Path Through Practical Joints

The vast majority of joints have loads offset from the bolt centre-line. In a typical joint with relatively thin
feet, the load exerts a prising action, see Sketches 1.5a and 1.5b. In such joints each foot may be treated
as a beam of length g and thickness h¢; (or h;,) and the separation under the bolt estimated. In joints ff
with very thick feet, (h;, +h;,)>g, see Sketch 1.8, separation at the heel may be estimated by treating -
the combined feet as a beam of length (h; +h;,) and thickness g. Thus, the two methods differ in their -
calculation of foot stiffness and hence in the calculation of the separation load and provide the separation
load for different locations. However, the calculation of bolt yielding depends only on bolt stiffness and -
is therefore independent of feet thickness.

There is no set geometry at which one analysis takes over from the other. In any particular case in which
the total feet thickness (h;, +h;,) is close to g the location of the effective hinge point (see Section 1.5.1)
can control which analysis gives the lowest pretension for bolt yield and/or separation. In such cases both
analyses should be carried out.

Calculations of the separation load using the two methods described above are identified separately in the
following sections. It is important to note that some of the geometric properties and stiffnesses described
are relevant to both methods and that others are particular to only one of the methods.

1.5 LOAD PATHS THROUGH JOINTS WITH THIN FEET

In a typical bolted joint with thin feet, an offset load exerts a prising action, as shown in Sketches 1.5a and
1.5b, that bends the feet and increases the load on the bolt. This can lead to partial separation in the region
under the bolt head that further loads the bolt. By taking moments for the joint shown in Sketch 1.5a, the
following simplified relationship between the bolt load, Py, , the reaction R at the effective hinge point Q
and the applied load, P, , are obtained.

ESDU Copyright material. For current status contact ESDU.

P, = P,(1+b/a) (1.14)
and
R=P,(b/a). (1.15)

These equations represent the limiting case where the load is sufficiently high to cause separation under
the bolt and the joint interface pressure becomes a point or line contact at Q. A line representing
Equations (1.14) and (1.15) can be superimposed on Sketch 1.4b type diagrams. This is illustrated in the
diagram of Sketch 1.5a which shows that the line for Py, rises linearly, as in Sketch 1.4b, then meets the
line of Equation (1.14). The feet load line, for the region immediately under the bolt, falls linearly from
P and then, when the prising action causes separation, the reaction is transferred to Q at the toe and the
load under the bolt drops to zero. Sketch 1.5a shows an applied load in the region where the prising action
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has caused separation. Increasing the pretension delays separation until a higher load is applied. This is
true whether or not prising action is present. From Equation (1.14) it follows that it is desirable to minimise
b/a since this reduces P}, and also increases the load at which separation occurs, see Sketch 1.5a.

1.5.1 Analysis of practical joints with thin feet

Diagrams of the type shown in Sketches 1.5 can be used to investigate and improve the design of practical
joints. Their application to practical joints is complicated primarily by lack of knowledge of two interlinked
factors. These are the value of dimension a and the effective areas of the feet. These two parameters are
interlinked because prising action causes separation to commence at the heel first and this reduces the
effective area of the feet (see Sections 1.14.1 and 1.14.6).

Effective hinge ‘ | P
point Q f

Loads in components

Bolt load

— — — — Foot load under bolt

, ——-— Foot load at Q

p N A Total foot load during transfer
: —-—-— Construction lines
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0 p;s Applied load P,

Sketch 1.5a Simplified prising action (joints with thin feet)

Documents
11 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 85021 C 2012


http://www.avadocuments.com/doc/esdu-85021-c-2012
http://www.avadocuments.com/doc/esdu-85021-c-2012

ESDU Copyright material. For current status contact ESDU.

ESDU 85021

[72]

I

[5)

[

o

£

g N A

(&) \(b,;b

= /3
Q7S

3 7 /*0\

S <

-l B

—

P,=P,—(P;+R) Bolt load

— — — — Foot load under bolt
——-— Foot load at Q

——————— Total foot load during transfer

—-—-— Construction lines

0

Applied load P,
Gradual separation occurs in this range

Sketch 1.5b Actual prising action (joints with thin feet)

Because of this action, separation is a gradual process that modifies the curves of Sketch 1.5a as shown in
Sketch 1.5b. Throughout the region of gradual separation the bolt is subject to increasing bending. After
separation under the bolt has occurred, the bolt is subject to further bending which increases with increasing
load. The bending stresses generated are additional to the direct stresses in the bolt and can contribute
significantly to its yielding and ultimate failure.

1.6 Estimation of Stiffnesses ky, and k¢
In order to construct diagrams of the type illustrated in Sketches 1.5a and 1.5b for joints with thin feet or
to analyse joints with thick feet it is necessary to estimate k, and ki . In their simplest form for
axisymmetrically loaded joints these are given by
kp = ELAL/ 1y
and (1.16)
Where the stiffness of part of a joint assembly is determined by idealising it into several (n) separate
stiffnesses these are combined into one stiffness using the following relationship,
-1_ -1 -1 -1
K™=k +Kky o Kk, - (1.17)
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Sketch 1.6 Joint with a plate that acts with the feet and a plate that acts with the bolt

In practice the calculation of k, and k; must take careful account of those parts of the assembly that are
acting with the bolt and those parts acting with the feet. The nut and bolt head and their associated washers
and locking washers act with the bolt. Also, any additional unloaded plates sandwiched between either the
nut or bolt head and the loaded feet act with the bolt, whereas unloaded plates sandwiched between the feet
act with the feet. Since the load enters the joint via the loaded feet, that portion of the load that goes to
increase the bolt load causes increased compression in the small layer of foot material immediately under
the bolt head. Such layers of the feet therefore also act with the bolt. This is illustrated in the following
equations for k; and k, which relate to thgjoint of Sketcrl 1.6. Inthis, the load is assumed to act in the
feet at layers that are at distances (3/4)h;, and (4/5)h;, "~ from their innermost surfaces. Thus,

-1 -1 -1 -1
k™ = [kta(h = amynen)]  * [kean = @asyne )] *Kp2

-1 -1 -1

-1 -1 -1
and k™ = kb(th) +kb(sh) +k (1.18)

-1 -1
* [Kea(h = (waynsn)] ™+ Ko = (s )]

1.6.1 Estimation of bolt stiffness k, (joints with thick or thin feet)

ESDU Copyright material. For current status contact ESDU.

The bolt stiffness can be estimated from the stiffness of the plain shank, the loaded threaded portion of the
shank, the load-transmitting threads, the nut and bolt head, associated washers, and regions of the feet that
act with the bolt. For the purposes of the computation these have been separated into the following elements.

(@)  The bolt head.

(b)  The bolt shank.

(c)  That part of the threaded portion of the bolt between the nut face and the plain shank.
(d)  That part of the bolt thread engaged with the nut.

(e)  The nut body.

) Washers.

Note that when calculating v, for bolts subject to fatigue Section 1.13 recommends that v, should be
overestimated rather than underestimated.

" These factors are quoted to illustrate that different portions of h; can be effective for each foot in a joint. These values are typical for
;the geometries illustrated in Sketch 1.6; they are not recommended values for all joints.
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1.6.1.1 The bolt head and the shank

The stiffness of the bolt head and the diffusion of the load into it from the shank are represented by an
increase in the bolt shank length over its actual length. The increase in shank length is expressed as a
coefficient x .\, Which is used in the calculation or input into the program, and which is applied to the
bolt head thickness hy . Thus, the effective shank length is given by:

lany = Yshy * X(shy X M- (1.19)

Typically the load in the shank is diffused into the bolt head over a short distance and the influence of this
can be allowed for in ky, ..\ by extending 1 ,,, by 10 or 15 percent of the shank diameter. The stiffness of
the standard bolt head can also be allowed 1§or in ky sy DYy adding a further extension to | ¢,y of about 15
to 20 per cent of the head thickness. In the case of special bolt heads this should be adjusted appropriately.
For thicker than standard bold heads the allowance reduces to a value below that for the standard bolt.

1.6.1.2 Bolt thread area

The area of the threaded portion of the bolt is treated as having an effective diameter that is larger than the
core diameter to account for the influence of the threads. The increase over the core diameter is expressed
as a coefficient, X 4,y , which is used in the calculation or input into the program, and which is applied to
the depth of the threads. The effective diameter used in the calculation of the threaded portion of the bolt
is thus:

d(,th) = dcore + X(th) X (d(th) - dcore) ' (1.20)

Typically X(thy is about 0.3.

1.6.1.3 Load transfer to the nut and nut stiffness

The threads transferring load between the bolt and nut deform elastically and so contribute to the flexibility
of the bolt assembly. To allow for this the length of the threaded portion of the bolt is taken to extend into
the threads engaged with the nut. The extension beyond the nut face into the nut is expressed as a coefficient,
X(pt) which is used in the calculation or input into the program, and which is applied to the thread pitch,
p. %he value X, x p is the distance into the nut from the nut face at which half of the load has been
transferred from the bolt to the nut.

ESDU Copyright material. For current status contact ESDU.

The nut body also deforms elastically and contributes to the flexibility of the bolt assembly. Nut flexibility
is allowed for by further increasing the length of the threaded portion of the bolt. This extension is expressed
as a coefficient, x,,,» which is used in the calculation or input into the program, and which is applied to
the nominal diameter of the bolt, d,,. Thus, the total effective length of bolt thread is:

Fitny = Tetny * Xty X P+ X(nuy X dp - (1.21)

Note that the effective length I th) is used together with d'(th) when calculating the stiffness of the threaded
portion of the bolt and the nut.

A few limited tests have been conducted that indicate that the combined effect of X (pt) and X(nu) is
equivalent to the extension of |, by about 1%2d, to 3d, . It follows that when | ,, pf)us I(Sh) is small
in relation to dy,, the deflection of the load transmitting threads dominates k. The factor of 3 is more
likely to apply to the softer nut and bolt materials with coarse wide tolerance threads. The factor of 1% is
more likely to apply to high strength materials and fine close tolerance threads.

This page Amendment C Documents
14 Document Sharing Hub
Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,

No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 85021 C 2012


http://www.avadocuments.com/doc/esdu-85021-c-2012
http://www.avadocuments.com/doc/esdu-85021-c-2012

ESDU 85021

The value of x ., is a function of nut design and can vary as indicated in Table 1.1. There are many
proprietary nut designs available and the likely distribution of the load along the engaged threads should
be estimated in each case. Note that in many self locking nuts some of the engaged thread may not be
carrying a significant fraction of the load and such portions of the thread therefore make no contribution

to I(th).
TABLE 1.1 ALLOWANCE FOR LOADED THREADS WITHIN THE NUT

Distribution of load along

Example of nut design engaged threads

Suggested value of Xy

Standard nut Load taken mainly on first 1 | One complete thread pitch,
or 2 complete thread pitches. Xpty = 1. (The minimum

allowance.)

Special thin-walled nut Load taken approximately | Number of pitches equal to
uniformly over all engaged | half the total length of the
threads. (This is rarely engaged threads. (This is
achieved in practice.) the theoretical maximum
additional and is rarely
achieved in practice.)

Where the above guidance on values for X (pt and X(nu is not sufficient, and particularly in short bolts, it
is recommended that extreme values should t))e used and their influence on the computation determined.

1.6.1.4 Washers
All washers and pad washers, on either the nut or head end, work with the bolt through an effective diameter
¢ and their stiffnesses should be determined. The effective diameter for a standard case is about the mean

of the across-corners and across-flats dimensions of the nut or bolt hexagon.

1.6.2  Estimation of stiffness ks for thin feet

This is carried out using Equation (1.18). The value of A; is required and the value of this is calculated
in the same way for both thick and thin feet as set out in Section 1.6.3.

ESDU Copyright material. For current status contact ESDU.

In joints where gaskets are placed between the plates the stiffness of the gasket must be included in the
calculation of k; . This can only be done if the gasket material remains elastic throughout and if the gasket
covers the full area of contact between the feet.

In the equations given in Sections 1.6.3 and 1.7 the hole accommodating the bolt is represented as being
of the same diameter as the bolt. For most bolt holes this approximation produces negligible error. However,
if a large clearance hole is used then the actual hole diameter should be used.

1.6.3 Estimation of effective area of feet (both thick and thin feet)

The estimation of ks is complicated by uncertainty concerning the effective area, As. Close to the bolt head
or nut, an area similar to the area underneath the nut or head is effective. If the feet are thick the load can
diffuse out to involve a larger area in the centre of the feet, thus increasing k; . Equation (1.22), taken from
Derivation 2, may be used to calculate the effective area, A; , when both feet have the same modulus and
the value of c is the same at both ends of the bolt. The equation is empirical. Figure 1 gives curves of the
left hand side of Equation (1.19) plotted against I'/c for various values of D¢/c for the case where c/dy, = 1.5.
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A . 0.5(D; /c - 1)[I'/5¢ — (1'/10¢)?]
—_— = + .
(r/4)[c? - dg] 1 - (dy/c)?

(1.22)

When c is not the same at both ends of the bolt an average value should be used. It is suggested that I'
should be taken as the total actual distance between the bolt head and the nut.

@) (v) (i) (i)

D

f
(minimum) (chosen)

\
1
||

|

Plan of actual joint Maximum and likely values of D;

Sketch 1.7 Estimates of the effective area of the feet, D¢

To use Equation (1.22) the practical outside diameter of the feet, D; , must be estimated using the following
values.

0] The width of the foot, w.

(i) The distance from the heel to the toe, g.

(iii)  Twice the distance to the toe from the bolt centre, 2(g — m).
(iv)  Twice the distance to the heel from the bolt centre, 2m.

In practice Dy is often taken to be rather more than the minimum of the four values of D; listed above.
(Sketch 1.7 and Examples 1.16.1 and 1.16.2 show estimates of D, .) Sketch 1.24 shows that for thin feet
the variation of D; has a relatively small influence on the pretension required.

1.7 Analysis of Joints With Thick Feet

For bolt yielding the analysis of Section 1.3 may be applied to joints with thick feet (h;; +h;,)>g.
However, separation is treated differently and deals only with separation at the heel, as described below.

ESDU Copyright material. For current status contact ESDU.

If the sum of the thicknesses of the feet is significantly larger than their total effective length, g, the value
of k; may be estimated by treating the feet as a beam parallel to the bolt axis (Derivation 2). This is shown
schematically in Sketch 1.8. It is assumed that the feet stresses and the interface pressures are everywhere
compressive and the bolt flexural stiffness is neglected. In applying simple theory of bending it is assumed
that the stresses and interface pressure vary linearly across the feet (see Sketch 1.8). From these assumptions
it follows, using Equation (1.16)", that P, divided by the deflection of the foot at the bolt centre-line can
give ks as follows.

_ E¢ A¢
© (Zhp[L = (A /1) (j = m + b)(m = j)]

K, (1.23)

" Ifacalculated value of ks is negative then the assumption of interface pressure being everywhere compressive is invalid and the analysis
cannot be used. This is not likely to be the case in practical joints.
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where A; is obtained as described in Section 1.6.3 and converted into a rectangular area, containing the bolt
hole, of dimensions g xw’. Thus, as g is known,

w = (A + nd2/4)g. (1.24)

The neutral axis of the area A; (thatis, area g xw' less the bolt hole area) fixes j and I, its second moment
of area. Thus,

i = (w2 - nd? miayA, (1.25)
and
2 2 2 2
2 2 2,4 2
_ o, 5l1 ndy” || m 9}3 n°dy 97 || wg m w'g || m
e = W s -7l gl Fla - b B hae e (1.26)
w9 Y 4A Tcdb2 29 Tcdb2

This estimate of k; is applied up to separation that occurs at one edge. This happens at a lower load than
does separation under the bolt. It is conveniently expressed as

T

a I:)ahs _ If/Af_(m_j)j

P, P vl /Ap=(m=))j+bj]’

(1.27)

Note that if m = j the bolt centre-line and axis of bending coincide and Equation (1.27) reduces to

Pans ¢ /A

P, (%l /A +bj’

(1.28)

Figure 2 provides a graphical presentation of Equation (1.26) for rapid estimation of I, . Figure 3 provides
agraphical presentation of Equation (1.27). Notethat I /(A; m™) isthe major parameter governing P /P .

ESDU Copyright material. For current status contact ESDU.
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= WWTWT Interface pressure
lg=hey +hyy } P

assumed to exist

m
& H Neutral axis of bending
| [ ofeffective area, A
|

o
A
D, 2 7W,
(chosen)
] N
b .| | ™ Load line

Effective section based on A
calculated from D, (chosen)
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Sketch 1.8
1.8 Effect of Tolerances

The previous statements regarding calculation of k¢ and k;, relate to joints in which all the mating surfaces
are perfectly flat and parallel. In practice, manufacturing tolerances will cause the bolt head and nut seatings
to be slightly out of parallel leading to some bending of the bolt. ESDU 67034" provides a method of
estimating the effect of inclined nut seatings on the fatigue strength of the bolt thread. Note also that if the
surface of a component is curved it can alter the stiffness of the bolt thread. Note also that if the surface
of a component is curved it can alter the stiffness of the foot or bolt that it acts with.

*

ESDU 67034 “Effect of inclined nut seatings on the fatigue strength of screw threads (tentative)”. (In Stress and Strength Series.)
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0 p Applied load

Sketch 1.9 Ilustration of thin arched foot and the change to g and vy,

1.8.1 Effect of curved or wavy surfaces in joints with thin feet

The manufacturing tolerances may be such as to allow the components to have slightly curved or waved
surfaces. Where such surfaces are not pressed flat by the pretension, and/or subsequent loading, they can
modify the values of k; and/or k. Sketch 1.8 shows the extreme case of a relatively thin arched foot. The
bolt pretension necessary to flatten the foot is

E h3w(a+m)i
P = —rss— (1.29)
4a"m

ESDU Copyright material. For current status contact ESDU.

Normally P, is less than P, but, on applying load, the value of P, can fall below P, in which case the
spring stiffness of the arched foot is introduced into k; . The spring stiffness of the foot is given by

. _E hw(a + m) (120
f - ’ .
¢ 4;;12m2

which is combined with the stiffnesses described in Section 1.6, using Equation (1.17), to give a reduced
ki . Hence, from Equations (1.9), vy, is increased and vy; decreased when P; falls below P, . Sketch 1.9
shows how this modifies Sketches 1.5a and 1.5b for cases where P, is only just below P, .
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