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ABSTRACT
7

|

A number of failures of threaded fasteners in nuclear re- |
actor component supports have.been reported. Many of those .'
failures unre attributed to stress corrosion cracking. This

report discusses how stress corrosion cracking can be avoided
in bolting by controlling the maximum bolt preloads so that the
sustained stresses in the bolts are below the level required ,

to cause stress corrosion cracking. This is a basic departure
,

from ordinary bolted joint design where the only limits on pre-
load are on the minimum preload. Emphasis is placed on the
importance of detailed analysis to determine the acceptable
range of preload and the selection of a method for measuring
the preload that is aufficiently accurate to ensure that the
preload is actually within the acceptable range. Procedures
for determining acceptable preload range are given, and the
accuracy of various methods of measuring preload is discussed.

. .

1. INTRODUCTION t

Bolted connections are of ten used in the supports of light-water re-
actor (IMR) components. The purpose of the bolts is usually to maintain I
contact between the component and its support structure or between dif fer-
ent elements of the support structure so that functional integrity of the !

supported component is maintained. Adequate preload of the bolts to en-
sure contact of moting elements under all loading conditions is required
to minimise cyclic load effects that can lead to fatigua failure. Exces-
sive preload can cause failure of the bolts, or if the bolt is susceptible ;

'to stress corrosion cracking, excessive preload can result in stress
"

corrosion cracking. Derefore, it is necessary for the preload to be
within a certain range for the bolts to function properly. Although the ,

'required preload range depends on many factors, including geometry, load-
ing conditions, bolting material, and environment, a reasonable estimate f

of the permissible preload range can generally be made. 21s will be dis-
'

cussed further in this report. Although this report deals primarily with i

holted joints in nuclear reactor component supports, some aspects of,

bolted connections for pressure-retaining joints and nuclear reactor ves-
1

sel internals will be ' discussed briefly.
'

Several methods are used for applying the specified preload to a [
bolt. Methods based on the amount of torque applied to the bolt are *

widely used but are no longer permissible under the Spaaffication for
.

!
'

..
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.

Sematum! Joints Using ASDf A325 or A#0 Solts.1 The methods of applying
and esasuring preload will also be discussed in more detail in this report.

Background on the rules governing bolted joints and failures of bolted
,

joints is provided in the following section. The subsequent section dis-
cusses the primary cause of failure, stress corrosion cracking, and poten-
tial methods for controlling it. The fourth section of this report shows ,

how the proper preload range that sust be applied to the bolts in the par-
ticular joint is selected. The fif th section explores the available meth-
ods of preload application and amasurement and recommends particular meth-
ods. In the following three sections, three special categories of bolted
joints are discussed: concrete anchor bolts, reactor vessel internals
fasteners, and pressure boundary bolting. Preload assurance is discussed
in Sect. 9. A sumasry of the report and recommendations are provided in

: the last two sections.
j
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2. BACEGROUND

.

The material, design, fabrication examination, testing, and prepara-
tion of reports concerning supports for reactor components are governed by
the rules of Subsection NF of the ASW Botter and Pressure Fessel Code.2
The rules pertaining to bolted connections have been prepared with refer--
ence to the American Institute of Steel Construction-(AISC) requirements
for bolted joints contained in the AISC steel construction handbook,3 es-

pecially the 1978 edition of the Specification for Structural Joints using
ASTM A325 or A480 Spits.1 The available information on bolted joints .that
has gone into the development of Ref.1 is summarised and referenced in
the Guide to Design Criteria for Botted and Riveted Joints.* The AISC and
Research Council on Riveted and Bolted Joints of the Engineering Founda-
tion have led in the development of reliable bolted joints in structural
applications.

The AISC is in the process of producing a new Speciffootion for the
Design, Fabrication, and Erection of Steel Safety-Melated Structures for
#uolear Facilities (N-690).h It is most significant that Raf. 1 applies
to only two materials, ASM A325 and A490. Paragraph Q1.4.3 of Ref,. 5 re-
quires steel bolts to conform to 'one of the following standard specifica-
tions: ASM A193, ASM A194, ASM A307, ASTM A320, ASTM A325, ASM A354,
ASTM A449, ASTM A490, ASM A540, ASM A564, or ASTM A687. It further re-+

quires that for A193 A194, A320. A354, A449, A540, A564, and A687, if the
bolt is preloaded, the mazimum ultimate strength cannot exceed 170 ksi.
The principal reason for the 170-ksi limit is apparently to prevent
stress-corrosion cracking. Paragraph Q1.16.1 of Ref. 5 states,

High strength bolts using ASTM A193 (Grades B7 and 516), A320
(Grades L7, L7a, and L43), A354, AS40, and A564 (Type 630 and
631) may also be used for joints. Bolts with ultimate tensile
strengths larger than 170 ksi shall not be used unless impact
testing is performed and it can be shown that the bolt is not
subject to stress corrosion cracking by virtue of the fact that
(a) a corrosive environment is not present and (b) no residual
stresses or assembly stresses are present and frequent sus-
tained service loads are not experienced.

Thus, the AISC avoids stress corrosion cracking by limiting the per-
sisaible botting materials and guarding against the use of high-strength
materials when conditions might be conducive to stress corrosion cracking.
Minimum tensile strengths for bolting materials are given in Subsection NF
of the Code, but there are no maximum tensile strength values prescribed.~

Furthermore, Inconel 718 bolts with a minimum tensile strength of 185 ksi
.

are allowed by the Code. Thus, the Code does not provide as much protec-
tion against stress corrosion cracking as the new AISC specification.

A survey of threaded-fastener degradation and failure in nuclear6

power plants revealed 44 problems with bolted connections. Stress cor-
rosion cracking use the most common cause of those failures. In one of
those instances, 28 of the 48 mounting bolts on steam generators 11 and
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12 of the Prairie Island 1 Nuclear Plant were found defective in 1980 dur-
ing a refueling shutdown.7 Subsequent inspection of Prairie Island 2 re-
vealed .three defective bolts in steam generator 22. Failure was attrib-
uted to stresa corrosion cracking,in the presence of moisture, high ten- ,

sile stress, and elevated temperature. The bolts were made of Vascomax
250 CVM steel, which is an 18% nickel maraging high-strength steel with '

a yield strength of 255 kai and an . ultimate strength of 264 ksi.
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3. STRESS CORROSION CRACKING

.

Stress corrosion cracking has been identified as the most prevalent
cause of failure of threaded fasteners in LWRs.6 Understanding the mecha-
nism of stress corrosion cracking is important to avoid bolting f ailures
caused by this mechanism. . Unfortunately, although there are several theo-
ries that attempt to explain the mechanism of stress corrosion cracking,
none of them gives a completely satisfactory account of all observed phe-
nomena. It is generally accepted that a localized electrochemical corro-
sion must occur along narrow paths and that both corrosion and stress must
be present for stress corrosion cracking to occur. Conditions for crack-
ing are specific as to alloy and environment,8 and specific ions are usu-
ally necessary to promote cracking conditions. Almost any metal can be
subject to stress corrosion cracking in certain environments. Yet the
same conditions that cause cracking in one metal may not cause cracking
in another, making it difficult to predict whether stress corrosion crack-
ing will occur. Empirical data is the most reliable method of determining
the propensity for stress corrosion cracking.

Once a crack has initiated, the fracture-mechanics approach can be
used to analyze stress corrosion ' cracking.9 Alternatively, an initial
flaw can be assumed so that fracture mechanics can be applied. The criti-
cal stress intensity factor KIc is replaced by the threshold value of the
stress intensity factor for stress corrosion cracking K Iscc when applying
fracture mechanics. It is necessary that the value of K be determinedIscefor the exact alloy and environmental conditions. Thus, the principal
advantage of this method is that the effect of stress level is treated in
a rational manner.

Stress corrosion cracking is a time-dependent phenomenon. Therefore,
the critical stress intensity for crack propagation decreases with hold
time. A schematic representation of this is shown in Fig. 1. A lower-
limit value, defined as K Iscc, is approached asymptotically as the hold
time under constant stress increases.

The value of K has been shown to depend on the thermomechanicalIscc
processing as well as on the material composition and environment. Imhof
and Barsom10 heat-treated three pieces of 4340 steel to three different
strength levels and measured their K values in identical environments.IscThe results from these tests are plottek in Fig. 2. A strong dependence
of KIsce n yield strength is indicated. As a result of such evidence,
reactor operators were requested 11,12 to evaluate the propensity for
stress corrosion cracking in material with minimum yield strength greater'

than 120 ksi by using Fig. 3 to estimate the value of K based on theIsce
yield strength.

There are three ways that stress corrosion cracking of bolts can be
avoided. The first is to make sure that the environment is such that
stress corrosion cannot occur. It is extremely difficult to avoid mois-
ture at all times in an LWR plant, so that method is of little practical
use. The second method is to avoid preloads that are high enough to cause
stress corrosion in the operating environment. This is difficult to do
if the bolt is susceptible to stress corrosion cracking. The use of cali-
brated wrenches is so inaccurate that the maximum preload obtained by this
method may be 50% more than the minimum allowable preload. The effects

1
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of such inaccuracy in preload application can be illustrated with a hypo-
thetical example. If experiments had shown that the maximum preload in
the Vascomax 250 CVM steel to avoid stress corrosion cracking was 165 ksi,
then the minimum preload' would have had to be set at 105 ksi to ensure
that the torqued bolt was not preloaded above 165 ksi. This is the same
as the specified minimum preload for A490 bolts in Ref. 1. Therefore,

|

_ _ _ _ _ _ _
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nothing would be gained in this hypothetical case by using the higher
strength bolt unless better preload control was exercised.

The third method to avoid stress corrosion cracking is to use bolts
that have been proven by experience not to be subject to stress corrosion,

cracking in the service environment. This is probably the most economical
and reliable method and should be used in most instances.

Selection of bolts that are not subject to stress corrosion cracking
entails more than simple material selection. As can be seen f rom Fig. 2,
the yield strength that results from the heat treatment is of critical
importance for quenched and tempered bolts. To avoid stress corrosion
cracking, appropriate limits aust be placed on the maximum allowable yield
strength.

Details of manufacture may also be of critical importance in the se-
lection of bolts. For example, bolts up to 1 1/2 in. in diameter are
normally made by rolling the threads af ter heat treatment. This process
creates a residual compressive stress at the thread root that has been
demonstrated to increase the fatigue strength.13 Since stress-corrosion
cracking also initiates at the surface, rolled threads are probably just

'

as important in avoiding stress corrosion cracking. Large bolts and bolts
j made from special high-strength materials may have cut threads or be heat-

treated after the threads are rolled. It is suspected that such bolts may
| exhibit inferior resistance to stress corrosion cracking. Other methods
l of inducing a residual compressive stress, such as shot peening and cold-

working, at the surf ace of such bolts should be investigated. Because
cold-working increases the yield strength of the material, careful experi-,

|
mental investigation is needed to determine whether the net result is an

'

increase in the resistance to stress corrosion. Metallurgical processes,

such as carburizing can also be used to produce a residual compressive
stress at the surface. Again, though, the strength of the material is
increased, and that will lower its resistance to stress corrosion cracking
so that the net result may not be an improvement.

__. __ _ _ _ _ , _ _____ _
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In those instances when a bolt must be used that is subject to stress
corrosion cracking under the service conditions, the minimum and maximum
allowable preloads must be determined and the bolts be tightened so that -

the actual preload falls within the acceptable range. Section 4 discusses
preload selection, followed by a discussion on methods that can be used .

for applying the preload (Sect. 5).

.

5
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4. PRELOAD. RANGE SELECTION

.

Paragraph NF-4724 of the ASME Code 2 requires that "All high strangth
bolts shall be preloaded to a value not less than that given in the Design
Specifications." Note that the Code gives no upper limit on preload, only
a lower limit. As previously discussed, the maximum preload must also be;

controlled when stress corrosion is a problem.
Why is it important to preload a bolt? First, it should be noted

that there are two basic types of bolted joints: the pressure-containing
joint (usually gasketed) and the nonpressure-containing joint (used to
connect two parts). The preload in the pressure containing joint must be
high enough to maintain sufficient contact between the mating parts
(flanges) so that leakage does not occur under any service conditions.
The design of such joints is discussed briefly in Chap. 8. Incidentally,
failure to apply sufficient preload for this type of joint can of ten be
detected by leakage of the joint.

The joints used for component supports and reactor vessel internals
usually fall into the nonpressure-containing category. Preload is impor-
tant in such joints to prevent fatigue and vibration loosening of the nut.
The mechanics of preloading a bolted joint are discussed in the following
section.

4.1 Principles of Bolted Joints

There are four major categories of loading of bolted joints:
(1) tension, (2) axial shear, (3) eccentric shear, and (4) combined ten-
sion and shear. The behavior, analysis, and design of each of the four
types of joints will be discussed further.

4.1.1 Tension joints
'

Consider the simple joint shown in Fig. 4. Parts A and B are con-
nected by a single bolt and are subjected to a variable axial load F that
acts through the center of the bolt so that no bending or prying occurs in
the bolted joint. A preload P has been applied to the joint before the
force F was applied. The tensile preload in the bolt is balanced by an
equal and opposite compressive force between members A and B. The preload
produces an elongation 6 in the bolt and a compressive deformation 6PB PCin the clamped parts A and B between the head of the bolt and the nut.
Assuming the preload is low enough that the bolt and parts remain elastic,
there is a linear relation between the preload P and the deformations 6 pg
and 6 PC. The load P can be considered to be uniformly distributed through
the cross section of the bolt, and the stretch 6PB can be assumed to be-

uniformly distributed along the length 1 of the bolt. The equation can be
written.

6 h- (I)=
PB AE '
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Fig. 4. Idealized bolted joint loaded in tension,

where A is the cross-sectional area of the bolt and E is the modulus of
elasticity of the bolt. Of course the load is not uniformly distributed

; across the bolt near the head and nut, and the strain is greater in the
I threaded portion of the bolt than in the unthreaded portion. A more cor-

rect relation between the elongation and load is given by the equation

6PB " '

.

where k is the spring constant of the bolt. A similar relationship holdsB
for the clamped parts ,

6 ~
'PC

C

|

!

!

- . . -- -__ . -- --
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~ where 6 is the compressive deformation of the clamped parts and kC'isPC :

the spring constant of the clamped parts.
Equations -(2). and (3) may. be represented graphically to form a " joint.

. -diagram"l4- as shown in Fig. 5. The load-deformation curve ~ for the clamped
I

parts has been shif ted to the rightJalong the abscissa by a distance 6PB +.

6PC so that the load-deformation curves meet at load P. The slopes of the
curves are proportional to the spring constants. For.the joint. diagram in'

Fig. 5, the clamped parts are three times as stiff as the bolt. ' This
joint diagram can be used to demonstrate .what 'occurs when an external load

~ F is applied to the assembly shown in Fig.14.
' When an external tensile load F is applied to the preloaded joint,

the bolt' elongation increases, but the compressive deforiation of the
clamped parts decreases. To maintain compatibility, the increment in bolt
elongation caused by F aust be equal to the increment in compressive - de-
formation of the clamped parts. The incremental deformation 6 7 in Fig. 5
results in a change in the loads carried by the clamped parts. The

j changes in load AF are proportional to the spring constants

#
B C

(4)=-

k k
' '

B C
,

where subscripts B and C refer to the bolt and clamped parts, respec-*

tively.+

The total tension in the bolt is increased a small . amounc, repre-
j sented by AFB in Fig. 5, and the total compression in the clamped parts
; is reduced three times that amount, represented by AFC in Fig. 5. The

i

!

ORNL-DWG 84-5821 ETD3
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Fig. 5. Joint diagram for tension joint.
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total _ tension in the bolt L isB

'

k
~LB"k '

~

B C

and the total compression in tae clamped part is
1

!

C
L F-P. (6)~

C kB+kC

When the stiffness of the clamped parts is three times the stiffness of
the bolt, as in the example shown in Fig. 5, that is,

k ~
C B'

then Eqs. (5) and (6) become

L F+P (8)=

B

and

L F-P. (9)=
C

Thus, if the initial preload P is 1500 lb and the applied load F is 1600
lb, the load on the bolt LB is 1900 lb and the load on the clamped parts
is 300 lb. Therefore, if the applied load is cycled between 0 and 1600
lb, the bolt is only subjected to a load variation from 1500 to 1900 lb,
a range of only 400 lb. However, the average and peak loads on the bolt
are increased. The effect of this on the fatigue life of the bolt can be
seen by looking at the Goodman diagram 15,16 in Fig. 6. The Goodman dia-
gram is a conservative approximation of the effect of mean stress on fa-
tigue. Any point that lies below a straight line that connects the endur-
ance limit under fully reversed loading divided by a suitable factor of
safety and the ultimate strength divided by the factor of safety is not
subject to failure by fatigue. In Fig. 6, it was assumed that the endur-
ance limit divided by the f actor of safety for the bolt is 3200 psi and
the ultimate strength divided by the factor of safety is 6400 psi. Assum- *

ing that the bolt has a cross-sectional area of 1/2 in.2, the stress range
in the bolt without a preload is 3200 psi, and the average stress is 1600 -

psi, shown in Fig. 6 as point 1. Because point 1 is above the Goodman
line, the bolt could be expected to fail. The application of the 1500-lb
preload results in a stress range of 800 psi and an average stress of 3400
psi, shown as point 2 in Fig. 6. Since point 2 is below the Goodman line,

,

--
. .-- . _ _ _ _
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the preload has resulted in a joint that would not be expected to f ail as
a result of fatigue.

Consider the allowable range of preload on the bolted joint shown in
Fig. 4. First, consider what occurs if the preload is not large enough to
maintain contact under the maximum load. When contact between the clamped
parts is lost, all of the applied load is carried by the bolt just as if
there were no preload. This condition should be avoided; so the minimum
allowable preload for our joint would be the minimum required to prevent
separation under the maximum load. In the case of this fictitious joint
with a maximum load of 1600 lb, the minimum allowable preload is 1200 lb.
This condition is shown as point 3 in the Goodman diagram in Fig. 6.

There are also limits to the maximum allowable preload on the joint.
If too much preload is applied, failure of the bolt or clamped parts will
occur. Stress corrosion cracking is one mode of failure that may result
if the preload is excessive. Fatigue can also occur in certain cases if
the preload is too high.

Note that the alternating load on the bolt is a function of only the
external load and the ratio of the bolt and clamped parts stiffnesses.
The preload has no effect on the load range the bolt is subjected to. An
increase in preload does increase the average load on the bolt; therefore,
the maximum fatigue life results when the preload is just sufficient to
prevent joint separation. Point 4 in Fig. 6 represents the conditions of
maximum preload if fatigue failure is to be avoided. For this case, the
maximum preload is 2200 lb.

The principles of preloading explained previously are basic to bolted
joint design. The concept can be explored further by examining the ef fect
of the relative stiffness of the bolt and the clamped parts. Figure 7
shows joint diagrams for a joint where the clamped parts are only 1.5
times as stif f as the bolt [ Fig. 7(a)] and a joint where the clamped parts
are 6 times as stiff as the bolt [ Fig. 7(b)] . Comparison of Figs. 7(a)

| and 7(b) shows that when the bolt is considerably less stiff than the
clamped parts, the external load has little effect on the total load in

|

1

- - ,
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Fig. 7. Joint diagrams for clamped parts of two different stiffnesses.

the bolt. Thus, a relatively flexible bolt would tend to increase the
fatigue life of the joint.

This analysis of the preloaded joint was idealized, but it illus-
trates the basic principles of preloading. Ideally, the minimum required
preload can be determined if the external loading conditions the joint
will be subjected to are known.

When designing tension joints, particular attention must be given to
the possibility of prying action. A typical example of prying action is
illustrated in Fig. 8. Because the line of action of the force does not
coincide with the centerline of the bolt, the corner A of the part acts
as a fulcrum, and the load seen by the bolt is increased by the ratio of

the distance from the fulcrum to the line of action of the load to the
I distance from the fulcrum to the centerline of the bolt. Reference 17 -
'

demonstrates how the effects of prying action may be taken into account
in the joint analysis. Prying action can occur in flanged joints if the -

flange is not massive enough to resist rotation and in support plates if
they are not sufficiently rigid. It can also occur if the bolt is not
preloaded sufficiently. Proper preloading of the joint is effective in
preventing prying action.

-- - - .



15

ORNL-DWG 84-NB24 ETD

ap

. or

.

W
L

E----------

hh

--

uF

Fig. 8. Example of prying action.

4.1.2 Shear loading

Although the preload is always an axial load on the bolt, the exter-
nal applied load is perpendicular to the axis of the bolt in many situa-
tions. This is referred to as shear loading. Typical shear-loaded joints
are shown in Fig. 9. The joints in Figs. 9(a) and 9(b) are both axial-
shear joints. The line of action of the force passes through the center-
line of the bolt group. The joint in Fig. 9(c) is an eccentric shear
joint. The line of action of the force does not pass through the center
of the group of bolts; therefore, additional shear load is placed on the
bolts to supply the moment necessary to resist the noncolinear force
vector.

There are two other classifications of joints subjected to shear
loading: (1) friction-type joints and (2) bearing-type joints. Friction-
type joints are designed to have a high enough preload that the frictional
resistance between the clamped pieces is sufficient to prevent the clamped
pieces from moving with respect to each other under conditions of maximum
external applied load. In a bearing-type joint, the clamped parts may'

slip with respect to each other. Because shear loading is common in
structural steel construction, many experimental studies have been done
on joints subjected to shear loading. The results of this work are sum-

| marized in Ref. 4.
Bearing-type joints are adequate where the loads are static and func-

tion reasonably well under repeated load. However, bearing-type joints
'

should never be used if reversed loading is expected or if joint slippage,

! would cause misalignment problems. Friction joints will be examined fur-
ther because preload is of primary importance in their design (preload
is of secondary importance in bearing joints).

|

r
._ - -- _ - - _
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Fig. 9. Example of shear-loaded joints.

.

The frictional force between the clamped pieces is proportional to
the normal force exerted by the preloaded bolt or bolts and to the coeffi-
cient of friction of the contacting pieces. The total slip resistance
is also proportional to the number of faying surfaces. The joint in
Fig.10(a) has two faying surf aces, whereas the joint in Fig. 10(b) has
four faying surfaces. For equal bolt preload and identical surface condi-
tions, the joint in Fig.10(b) would slip at twice the load that would
cause the joint in Fig. 10(a) to slip. The equation for determining the
allowable shear load S on a friction joint is

S=yPNM, (10)
.

where p is the slip coefficient between faying surfaces, P is the bolt

preload, N is the number of bolts, and M is the number of faying surfaces. -

The slip coefficients for typical joints are tabulated in Table 5.1 of
Ref. 4. These values were detereined by tests performed by many different6

investigators. The average values ranged from 0.065 for steel painted
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Fig. 10. Examples of friction joints with (a) two and (b) four
faying surfaces.

with red lead to 0.527 for steel that had been grit blasted and then left
exposed for a short period. As would be expected, the slip coefficients
are subject to appreciable scatter. A typical coefficient of variation
is 20%.

In a friction joint, the shear load is transmitted by shear between
the plates, and the only force on the bolts is the preload. The preload
must be sufficient to prevent slip under the maximum applied load. The
maximum preload must be low enough to avoid immediate failure of the bolt
or stress corrosion cracking.

4.1.3 Eccentric shear

In axial shear the bolts are assumed to share equally in resisting
the applied load. In cases such as shown in Fig. 9(c) where the joint is
subjected to eccentric shear, sizing of the bolts is a little more complex
because the joint must supply both a force and a moment. Because of their
common use in structural steel, detailed procedures for their design are
given in the AISC Nanual of Steel Construction,3 including tabulated solu-
tions for several bolt patterns and eccentricities of loading. Design of
joints subjected to eccentric shear was discussed by Fazekas.18* 19

4.1.4 Combined tension and shear
i

Joints are occasionally subjected to combined tension and shear load-
ing. Any tension loading on the joint reduces the normal force caused by
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.preload and, therefore, directly reduces the shear loading that' will pro-
duce. slip. In friction joints, the preload must be high enough that the
net normal force on the joint is sufficient to ensure that slip cannot .

occur.
In the case of bearing joints, the bolts will see a shear stress ' and .i

a tension stress. The combination of shear and tension stress that the
bolt is subjected _ to in such joints should be limited by the following

.

equation"-
!

>

*2 2+y 43,
(ii)

(0.62)2 i
.

.

where x is the ratio of - the shear stress to the allowable tensile
strength, and y is the ratio of the tensile stress to the allowable ten-,

; sile strength. This . equation was determined empirically.20

L
4.2 Joint Stiffness

,

1

As discussed previously, the behavior of tension joints is strongly
; influenced by the stiffness of the clamped parts relative to the bolt.
| The amount of load fluctuation seen by the bolt decreases in proportion

.

'

to the decrease in the stiffness of the bolt relative to the stiffness - *

j of the clamped parts. Detailed studies of fatigue in bolted joints of ten
i lend up with recommendations for "elasticated" bolts 21 that are less stiffthan normal bolts.

The stiffness of the bolt can be calculated by estimating the total,
~

length change per unit load. The spring constant k is the reciprocal of
! the total length change per unit load. The threadek length of the bolt
1 is not as stiff as the unthreaded portion of the bolt. Some additional

deformation occurs in the head of the bolt and in the nut. For purposes
of estimating the bolt stiffness, the effective lengths of the unthreaded

|
,

and threaded portions of the bolt are increased somewhat to account for
l'

the deformation in the head and nut, respectively. Bickford22 recommends
that the unthreaded length be increased by one-half the thickness of the,

head and that the threaded length be increased by one-half the thickness
| of the nut. The threaded length is the length up to the point that the

,

I threads enter the nut. Therefore, the stiffness of the bolt is given by '

,

4

1

IB + 0.5 tH+IT + 0.5 tN
,

|
, -- =

(12)k EA
^T

'

g B

I
,

6

| where I is the distance from the head to the threads, t is the thickness *
'

B Hof the head, E is the modulus of elasticity of the bolt, A is the cross-
B

,

i sectional area of the unthreaded portion of the bolt, I is the distance ,

T
; from the beginning of the threads to the nut, tN is the thickness of the

nut, and A is the effective stress area of the threaded portion of theT
bolt. . The threaded portion of the bolt does not have a uniform diameter,

;

'

,

;
-

, .~ - - . , - - . - . .. .
. . . . - , - - . - - . - - - - , - . _ - . - . - . ._ .--- - - - - -
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so the proper cross-sectional area to use is not evident. The effective
stress area is the area that gives the same .value for ultimate tensile

strength S as measured in a specimen of uniform diameter when the formula,

S=b (13)
^T

is used, where T is the tensile load that breaks the bolt. Screu Thread
23Standards for Federal Services provides a formula for calculating stress

area:

(14)A = 3.1416 -

T

or

A = 0.7854 D
0.9 3 (15),

T
,

where E is the basic pitch diameter, D is the basic major diameter, n is
the number of threads per inch, and H is 0.866025/n. The standard states
that Eq. (14) is applicable to steels up to 180,000 psi ultimate tensile
strength. For higher strength steels, it recommends the minimum pitch
diameter E for the class of thread specified be used. The formulamin
becomes

,

3H 12

= 3.1416( Ef"g ) . (16)A
T

Now consider the stiffness of the joint. Much of the work on joint
stiffness has been done in Germany, Russia, and Egypt. The procedure used
for estimating the stiffness of the clamped parts is to assume that the
load is carried by the portion of the clamped parts that lies within a
conical volume extending from the outer diameter of the contacting surface
of the head and bolt. The German standard FDI 2230: Systematic Calcula-

A7tion of High Duty Bolted .Toints provides equations for estimating the
stiffness of concentric clamped parts that are concentrically loaded and

firmly stacked. The stiffness of the firmly clamped parts kC is given by
.

Ih \ Id Lk 12 )WE 2 2 WE
(I }~ ~

C 4T k B U d
'

5 100jk /

!

. . -_ , - = - _- . _ . . _ . . - . .-~ --_ _ _ __.____ __ - ---
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3 <13d ,' where d is ' thel diameter of the bolt head or : nut sur-for d :< Dk k k
- face that . Mars on the clamped parts, DB is the diameter of the hole, D

jis the diameter of the clamped parts 1 is the combined thickness of- the -

clamped parts, and E 'is the modulus of elasticity of the clamped parts.
For clamped parts with a diameter more than 3 times the diameter of.the;

-

' bolt head or nut bearing area,-

kC" k I B (I }
~ *

.

Equations (17) and (18) are only. valid if the clamped parts are in uniform
firm contact. The stiffness will be less if there is not uniform contact.-
Furthermore, if the line of action of the external load on the joint is
not' in line with the centerline of the bolt, the stiffness of the clamped-

|- parts is decreased.

The German standard VDI 2230: Systematic Calculation of High Duty,

Bolted Joints (Ref.17) contains a nomograph that gives values of the
ratio of the bolt spring constant to the sum of the spring constants for
the bolt and clamped parts for joints of various clamping lengths, for
both full and reduced- shank bolts and for steel, cast iron, and aluminum.,

The plot of k /(kg + k ) vs the length-to-diameter ratio shown in Fig. 11 '

B C,

was obtained from the nomograph in FDJ-2230, which was also included in
I Ref. 24. This plot can be useful to the designer for estimating the .

stiffness of the joint. Bickford25 developed
the VDI-2230 nomograph and the work of Motosh.glots of k /kB vs 1/d usingC6 The plots based on these,

i two sources are in good agreement. Figure 11 should only be used for
joints without gaskets and for steel parts and bolts.

) More recent work 27,28 on the determination of the stiffness of the
| clamped parts in bolted joints has made use of finite-element- analyses.
I The joint _ consisted of two steel plates in the form of circular cylinders
! of equal thickness with a single bolt through the center. Effects of

,

j plate diameter, plate thickness, bolt head height, and bolt head thickness '

1 were examined. It was discovered that the stiffness of the clamped parts'

increased with plate diameter D3 up to a value of 3.5 times the bolt di-
aseter d and was constant for larger diameters. The stiffness of the
clamped parts decreased as the joint thickness 1 increased until it;

reached a minimum for 1/d = 2.75. The stiffness of the clamped parts then ,

increased until it approached a constant value for 1/d > 10. The bolt'
geometry had a negligible effect on the stiffness.

This discussion of joint behavior has thus far considered linear-
; elastic behavior of the bolt and clamped part. Actual joint behavior is

| -nonlinear, especially at low and very high loads. The initial behavior
|

; is nonlinear because initial contact is at points that must deform or wear !
'

down until a surface contact results.29,30 This change in actual contact *

area as the load increases from zero is nonlinear. This effect diminishes
| as the load is increased, and there is a portion of the load-deformation -

. diagram that approaches linearity. At still higher loads the nonlinearity
| increases as local yiciding increases.

!

:
e

,

, e e. , , - ~n.- - , . , , . - , , . - - - -...n,,e.,n-..v.,.- .----.-,-v,. ..,-v. , . - - -e m, - , , , . , --g --
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Fig. 11. Joint stif fness ratio as function of length-to-diameter
ratio for steel bolts clamping steel parts.

4.3 Relaxation Effects

The original preload on a bolted joint relaxes to a lower value as
a result of embedment at the interfaces. Tests were performed on bolted
joints during which the bolt tension was registered throughout the
study.31 The bolts were A325 and A354 grade BD bolts, and the clamped
parts were steel. Immediately af ter tightening, the preload in the bolt
dropped by 2 to 11% with an average preload decrease of 5%. An additional

loss in bolt tension of 4% had occurred after 21 d. Thus, the average
32total loss in tension was 9%. A similar study in Japan on high-strength

bolts concluded that the relaxation af ter 100,000 h could be estimated

at ~6%.
The above tests were on joints that were not subjected to cyclic ex-

.

ternal loads. Erker21 ran a series of tests to study the effects of cy-
clic external loading, including periodic overloads. His tests were on
M 14 x 1.5 steel bolts that had a tensile strength of 100 to 120 kg/mm2'

and were run in the device shown in Fig.12. A strain gage was used to
monitor the stress in the clamped part. Note that the clamped part has
a relatively small diameter, which makes the clamped parts less stif f than

_ _ _
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Fig. 12. Test fixture for Erker's tests of preload relaxation under
cyclic loading (f rom Ref. 21).

they would be in a normal joint. Two series ~of tests were run to deter-
mine the effect of cyclic loading on the amount of stress relaxation. In
the first series, the preload was ~30% of the tensile strength of the
bolt. In the second series. the preload was ~60% of the tensile strength.
The amount of relaxation was less in the series with the higher preload. '

The amount of relaxation in the joints with the higher preload was ~8% for
low external cyclic loading. The amount of relaxation increased as the
level of external cyclic loading increased. The relaxation in the bolts
with the higher preload was as much as 18% when the maximum external load
was at 80% of the tensile strength of the bolt. At higher levels of ex-
ternal loading, the preload was drastically reduced. The tests in which
the bolts were only preloaded to 30% of their strength showed relaxations
of as much as 25% for low levels of external cyclic load. The reduction
in clamping force for these tests was as high as 40% when the external
load was cycled to 80% of the bolt strength.

Another series of experiments was run by Erker to determine the ef-
fect of intermittent overloads on relaxation. The test histogram is shown
in Fig. 13, and the effect on preload is shown schematically in Fig. 14.
Actual test results are shown in Table 1. Any preload above about
60 kg/mm2 immediately relaxed to about 60 kg/d. The subsequent cycling
on the bolts preloaded to at least that level resulted in additional
relaxation of 25 to 35%.

Heywood33 published results from Martinaglia34 that also show the
loss of preload that occurs as a result of cycling of external load for
different preload levels. These results showed that the relaxation was
exponential. The observed relaxation in 107 cycles ranged from 50% at low
preload levels to 30% at high preload levels.

For static joints, preload relaxation of 5 to 10% is a reasonable as- *

sumption. However, if cyclic loading is expected, a more realistic as-
| sumption of the amount of preload relaxation is 20 to 50%. Occasional -

overloads can cause even greater loss of preload. This suggests that pro-
visions should be made for retightening of bolted joints af ter any severe
loading conditions, such as an earthquake, occur in a reactor system.

. . . - _ - _ - - _- - . _ _ _ _ __ . _ . -- -
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Table 1. Variation in initial bolt stress
due to fatigue loading (Ref. 21)

Clamping stress in various
P ases (Fig. 10)hTest Number of cycles from

E **No. phase 4 to 5

f f I f fi0 it i2 i3 in i5

1 30 +25 2,000,000 no fallure

2 60 58 52 51 50 46 300,000 failure

3 51 45 30 29 26 23 40,000 failure

4 80 65 56 56 44 40 250,000 failure.

5 66 62 56 56 56 48 2,000,000 failure

6 41 41 37 +13 1,500,000 failure

7 65 59 56 54 54 41 3,000,000 no failure

8 40 36 12 10 8 Failure after few load
cycles under high
load range

_

!

!

. .- .



. _ . __ . ._ - _ _ _. _ _ .-

24

Another condition that should be considered when the amount of relax-
ation is being . estimated is the effect of thermal gradients or different
temperatures in different . components of the bolted -joints. Such condi-
tions can result in self-equilibrating forces within the joint that ,

pro-
note relaxation of the preload.

.

4.4 Selection of ' Preload [
-

Various aspects of bolted joint - design and preload selection have
been discussed. The ' designer must consider all these aspects to arrive<

. at a properly designed joint. John Bickford of Raymond Engineering, Inc.,
developed the flowchart in Fig.15 to aid the designer in this process.
A modified version of the chart was published in Ref. 35. The accuracy

; of the method used for preloading the bolts must be taken into account, '

as pointed out in Fig.15. The methods for applying preload and their1

] accuracies are addressed in the following section. ;

An alternative . unified procedure for designing bolted joints is given
in Ref.17 and consists of the following ten steps.

1
'

1. Make an initial estimation' of bolt diameter and joint thickness and^

determine whether the bearing stress under the bolt head when a pre-:
'

_ load equal to 90% of the yield strength of the bolt is applied ex- '

ceeds the bearing capacity of the material the clamped parts are made
i

from.- If the bearing capacity of the material is exceeded, appropri-3 '

) ate hardened washers may be required. Figure 16 proiides a conve-
| nient method for asking the initial estimate of the diameter bolt
| required.
i 2. The method of applying and controlling preload is selected. A tight-

ening factor a is then determined from Table 2. The tightening fac-A
A is defined as the ratio of the maximum preload that might betor a.

i

!
achieved to the minimum preload that might be achieved using a par-

;

ticular preloading method. The tightening factor is not applicable
i to tightening procedures that reach or exceed the yield strength of
| the bolt.

3. Determine the minimum required preload P , taking into account the| r r

i following considerations: (a) preload must be sufficient to resist
j any shear loading in a friction-type joint. (b) preload must be suf-
| ficient to seal pressure-retaining joints, and (c) preload must be ;

e

high enough to prevent one-sided lif t-off under prying action.
I 4. The amount of preload loss caused by embedment P should be deter-zmined using the expression

'z
P =

g g (19),
,

k *T'

B C
.

where f, is the amount of embedment estimated using Table 3 and k g ;and kC are the spring constants of the bolt and clamped parts, re- i
spectively.

|

|
l

.
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ORNL-OwG 84-5832 ETDMETRIC 80LTS

1 2 3 4
.

Moeinal diameter A. From column 1 choose the nest-
(mm) greatest force to the enternally

,Force applied load F.
(N) Metric strength

class 8. Account for the way the joint is
loaded by proceeding down column

12.9 10.9 8.8 1

1,600 Four steps for static or dynaste p TD
2,500 shear loading *-4 p
4,000 4 4 5 om
6,300 4 5 5 y10,000 5 6 8

g16,000 6 8 8 or
25,000 8 10 10
40,000 10 12 14
63,000 12 14 16

100,000 16 16 20 ho steps for dynaste and eccen- (p
160,000 20 20 24 trte tension loading TD <
250,000 24 27 30 0
400,000 30 36 q
630,000 36 or ,

JF

ENGLISH 80LTS One step for dynamic and antal
tension loading or statte and 'E

! 2 3 eccentric tension loading MD TD |F
l/ 0

Nominal dieseter pitch 9 9
' "

(Ib) F

ASDt A490 Spec. A325

1,000 No steps for static and antal F
1.600 tension loading .

2,500 1/4-20 UNC 5/16-18 UNC 0
4,000 5/16-18 UNC 3/8-16 UNC $
6,300 3/S-16 UNC I/2-13 UNC+

10,000 1/2-13 UNC 9/16-12 UNC ,p16,000 9/16-12 UNC 3/4-10 UNC C. Account for method of preloading
25,000 11/16-12 UN 7/8-12 UN by proceeding further down
40,000 1/8-12 UN 1 1/16-12 UN colum 13
63,000 1 1/16-12 UN I 5/16-12 UN

100,000 1 5/16-12 UN I 5/8-12 UN ho steps if a power wrench set
160,000 I 5/8-12 UN 2-12 UN to stell at the specified torque
250,000 2-12 UN 2 1/2-12 UN is used - of

One step if a tocque wrench to
used that has been cettbrated
for the joint or stretch con-
trol is used - or

No steps if the turn-of-nut
method to used.

D. The required bolt stre is given
in this row in column 2, 3. or 4
depending on the metric strength
class or ASTM Spec. eclected.

Fig. 16. Method for making first estimate of bolt size (from
Ref. 17).

.. - __ _ ___ _ . .. - . _ - . . . _ _.
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Table 2. Values for the tightening factor og (from M . ID
|

" "'*I",8 Tightening procedure Comments
,

1

(I) Torque-tura control to yield point The preload scatter is primarily determined by the scatter of
the elastle Ilmit in a given bolt lot. The bolts here are
dimensioned for p g,. The tightening factor o thereforeg
drops out for these tightening methods. The values in the

| (1) Turn-of-nut parentheses serve to compare the tightentegt precision with the
following procedure

1.2 Tightening with length measurements Complicated procedure; only applicable in very restricted
of the bolts cases

3.4 to I.6 Torque-controlled tightening with a Lower values fors
'

torque wrench or a precisten wrench
,

with dynamic torque seasuring - great number of adjustment or checking attempts (e.g. 20);

- silaht scattering of the given torque;
Esperimental eetermination of the ---electrante torque limitation during assembly in the case. tower values fort
spectited tightening torque on the of precisten wrenches

.
.

i

original joint part. e.g.. by - slight angle of rotation, t.e.. 1

lengthening measurement of the bolt 'relatively stiff jotat; y
--relatively sof t nating surfaces;- N j

1.6 to I.8 Torque-controlled tightening with tower values fors -- mating surf aces that are not prone j
e torque wrench or a precistem wrench to banding, e.g.. phosphated i

j with dynaste torque measuring - precise torque wrench (e.g.. with a meter); ;
j ---uniform tightening;

.

.|
I

Determination of the spectised precision wrench Higher values for:
tightening torque by estimattom of
the f riction coef ficient (surface Higher values fers -high angle of rotation, t.e.. rela-
and lubricant conditions) . tively rest!!ent joints or fine,

-torque wrenches with signal device thread; .i

- great hardness of. mating surface
1.7 to 2.5 Torque controlled tightening with lower values fora connected with a rough surface. .' ]

wrench --deviations in shape i

great nusher of checking attempts (tightening torque); I,

Ad just ment of the wrench with - -wrenches with disengagement devices j
tishtening torque that is formed j
from the spectfled tightening torque jj

. f fer estimated f rietten coef fletent) '

and with an entra allowance

i
t.'s to 6 t= pulse-contrrilled stehtening with I.ower values fort j

.I tapart wrenrh '|

j ---great nue.her of adjustment attempt s (t eghtening torque);
i 44).est w nt of t he wren <h ov.r the -- operattan an the horizontal branch of the wrench, i

i t iet. ni nr t r,rver - as shove rharacteristle curve; I

--tmpulee t ransmission that is free from play
f .

l |
. .,

t

-,m,~ e - , , - - ~ - - , , , , - , - - - , , . . , - - --. ., .
,.
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Table 3. Estimate of amount of. relaxation due to
embedment in ~ bolted joints when the parts are

firmly stacked and the bearing strength
,

is not exceeded (Ref.17)
. .

Number of
Ratio of clamping Amount of embedmentinterfaces
length,1, to bolt

(including

thread") diameter, d um pin .
,

2 to 3 1 1.00 39
2 to 3 2.5 1.50 59
2 to 3 5 2.00 79
2 to 3 10 2.50 98

4 to 5 1 0.75 30
4 to 5 2.5 1.00 39
4 to 5 5 1.25 49
4 to 5 10 1.50 59

6 to 7 1 0.5 20
6 to 7 2.5 0.7 28
6 to 7 5 0.9 35
6 to 7 10 1.1 43

#
For example, the joint in Fig. 4 has four

interfaces.

5. Determine the ratio of the amount of the applied axial force that is

transmitted into the bolt LB -- P to the total applied axial force F.
Using Eq. (5), this ratio may be expressed in terms of the spring
constants as

L" -- P k
(20)e- -

y k k
B C

for a concentric joint where the external load is applied just under
the bolt head and nut. The value of 4 is less if the load is intro-
duced inside the clamped parts or if there is prying action. Refer-
ence 17 recommends that the value of e be taken as half the value
obtained using Eq. (20) if a detailed assessment of the point of load

*
introduction is not possible.

6. Determine the required bolt size. If the bolt is not to be tightened
past yield, the required maximum preload is given by *

A [P + ( 1 -- 4 ) F + P, ] . (21)P,, =a
r

i

o

,.m . . _.. .. . _
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The bolt size must then be selected such that the maximum combined
stress caused by the applied . torque plus ' the induced tension will not
exceed the lesser of 90% of the yield strength of the bolt or the
stress that may cause stress corrosion cracking in the bolt in the
environment to which the. bolt will be subjected. Unfortunately, such-

data on the load required for stress corrosion cracking do not
generally exist.

An alternative approach that may be used is the fracture-
mechanics approach described in Sect. 3. Generally, some initial

flaw size must be assumed to determine the allowable-load. In his

study on the development of allowable bolt loads for preventing
36 assumed that an initial flawstress corrosion cracking, Cipolla

existed at the thread root, which had a depth of 0.01 in and an
aspect ratio at 0.5.

When the bolts are to be tightened past their yield point, the
is determined asminimum preload Pain

4

P,g, = P *( ~ *) + (22).

r z

The bolt size must then be selected so that its yield strength is

, equal to or greater than Pain and the yield strength must be less'

than the stress that may cause stress corrosion cracking.
. 7. Unless the initial estimate of bolt diameter in step 1 happened to be

correct, steps 5 and 6 must be repeated using the proper values for
stiffnesses. It may also be necessary to choose a more accurate
method of preloading the bolts. If so, step 6 must be repeated.

8. Make sure the applied loading will not produce yielding. The portion
of the applied load that the bolt will see should be <10% of the
yield strength of the bolt.,

'
9. Evaluate the propensity for fatigue fail 2re. The procedure for

; evaluating fatigue is discussed in Sect. 4.1.1. In the case of

! eccentric loading, the bending stress induced in the bolt must be
j considered.

10. Finally, a check should be made to determine whether the compressive
stress under the bolt head and nut exceeds the bearing strength of

: the material from which the clamped parts are made. This evaluation
should be made assuming that the stress in the bolt is sufficient to
cause it to yield.

i

i

|
|

,

I
|

. . _ . _ . _. - - . _ ._ _ _ _ - . - _ - - . _ - _ -
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5. APPLICATION AND MEASUREMENT OF PRELOAD

.

Application of the proper preload is the most important factor in
ensuring that a highly loaded bolt will not fail. Early in W'orld Tlar 11, *

a committee established by the Society of Automotive Engineers War Engi-
neering Board to review industrial experience and practice with torquing
of nuts in aircraft engines estimated the relative importance of the
preload application to be as shown in Fig. 17 (Ref. 37). They considered
the " man with the wrench," that is, proper installation and preloading,
to be by far the most important factor in determining the fatigue dur-
ability of bolts. Osgood38 said it another way, "The bolt is at the mercy
of the nut on the other end of the wrench."

In this section we will first discuss the mechanics of the process
of bolt preloading so that we can understand what elements can be measured
and controlled and their relationship to the clamping force. The tools
for measuring and controlling these quantities will then be discussed.
Available preloading accuracy and its relation to bolted joint design are
discussed, and guidance and recommendations for tool selection are then
given.

oRNL-DWG84-5833 ETD

a 9 a A

DESIGNER

METALLURGIST

PROCESSING

RCSPONSIBILITY

Fig. 17. Relative responsibility for fatigue durability of bolts.

5.1 Mechanics of Bolt Preloading
.

To select a method for applying and measuring preload, we must under-
stand how a bolt and nut operate. One complete turn of the nut on the
bolt advances the nut one pitch, that is, if a bolt has 10 threads per -

inch, the nut advances 0.100 in. If there is no resistance to the ad-
i vancement of the nur by clamped parts, there is no resultant load on the

bolt. If the clamped parts of fered infinite resistance, then t he ad-
vancement of the nut would be translated directly into a preload that
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would be determined by the stiffness of the bolt. In a real . joint, the

stiffness of- the clamped parts is always ~1ess than infinite so that part-
of the deformation imposed by the advancer.ent of . the nut goes into a de-.

formation of the. clamped parts. In other.words, the bolt elongates less

than one pitch, and the clamped parts are compressed somewhat., The rela-
tive amount of these two. quantities depends only on the relative stiff-
ness of the bolt and clamped parts.

.

As thes
.

In-essence, a bolt is an application of the inclined plane.
nut is turned it advances up the threads. In the absence of friction,.

there would be 's unique relation -between the torque applied to the nut
.and the preload induced in the bolt. If a torque T was applied to a
frictionless nut with a pitch n, the preload P induced in the bolt would
be given by

P= (22).n-

In reality, friction between the threads of the nut and the bolt and
'

between the nut and the clamped parts must be overcome by the applied
torque.- The required torque according to Bickford22, based on work by
Motosh,39 is given by

T=P(p+ g+pr
n u#tt (23),

where p is the coefficient of friction between the threads of the nut

and bolt , r is the 'ef fective contact radius of the threads, 8 is the
thalf angle of the threads [30* for Unified National (UN) or International

Standards Organization (ISO) threads], p is the coefficient of friction'

between the nut- and the clamped parts, and r is the effective radius of
' contact between the nut and the clamped parts. This equation may be re-

arranged to give preload explicitly

P= (24).

n y r

5 cos 6 nn

Representative values of the coefficient of friction for hard steel on
hard steel are given in Table 4 for both static and sliding conditions.
The lubricant used has a large effect on the coefficient of friction. In
general, the friction coefficient is reduced once motion is initiated.
The effect of various coefficients of friction on the relation between
torque and preload is given in Table 5. The dimension of a 3/4-10 UNC
nut was used in Eq. (24) to obtain the preload in a typical bolt for
different coefficients of friction. For dry threads and nut face under*

static conditions, the preload in pounds is only 1.4 times the torque in
inch pounds. For threads and nut face lubricated with stearic acid and

i

42 ..__._ ... , _ __ _ _. __ . _ _ . . . ._ _ . _ , , _ _
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Table:4. Representative coefficients *

~'of static and sliding friction

for hard steel on hard steel *-

(from Ref. 40)-

Static Sliding,

coefficient ~ coefficientLubricant
of of-

friction- friction
,

Dry 0.78 0.42
Castur ull' O.15 0.081

Lard oil 0.11 0.084

Stearic acid 0.0052 0.029
,

s

| Table 5. Preload in a 3/4-.10 UNC bolt from an applied
torque T in in.-lb for typical coefficients

of friction-

;

jf)Case Conditions y y

[ l Static, dry threads and nut 0.78 0.78 1.4T
2 Sliding, dry threads and nut 0.42 0.42 2.6T

'
3 Static, threads and nut lubricated 0.15- 0.15 6.8T-

with' castor oil

4 Sliding, threads and nut lubricated 0.081 0.081 II.6T
t with castor oil

i 5 Static, threads lubricated with lard 0.11 0.15 7.7T
oil and nut face lubricated with
castor oil

6 Static, threads and nut lubricated 0.11 0.11 9.0T
with lard oil

7 Static, threads and nut lubricated 0.0052 0.0052 49.0T .

with stearic acid '

.

:

I

!
l

,- - -wa -,c.n. , , , -, - y y .,y ,m+- - - . e -m+ - - m.
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.

still' under static conditions,- the preload is 49.0 ' T. .If friction were

zero, the preload would be 62.8 T. - These are extreme cases.
41 for assembly torque indicate that the preload would >

Recommendations
be expected to be 4.7 T for a nonplated 3/4-10.UNC steel bolt.--|This is'

very close to Case-3 in Table 5, which indicates that the coefficient of-
friction in a_ typical bolt- is ~0.15. ' Case 4 is for the same" lubricant as

~ Case 3 but is for sliding conditions instead of static conditions. T'.ae

- preload for Case .4 is 70% higher than ! for ' Case 3. 'If the bolt _ were -
' tightened by hand, the loading would be very _nearly static corresponding
to Case'3.- Tightening with a machine such as a hydraulic wrench would
correspond to Case 4 because the nut would be run on up to the prescribed
torque in a continuous motion and the preload would therefore be 70% -4

higher than if tightened by hand. These examples and further_ study of
Table 3 show why ' torque is an inaccurate measure of . preload except under-
very carefully controlled conditions'. Variationinclamping.loadofupz 37.42 and is.;.

to *30% for the same torque has been determined from tests
,

43-45 to be the_ best accuracy that1can be achieved~ generally accepted
without extreme care. Because of the large variability of the torque-to-

tension relationship for seemingly similar bolts and conditions, recog-
nition of torque control methods was withdrawn in the August 14, 1980,

|
edition of the A1SC Specification for Structural Joints Using ASTM A325
or A490 Bolts.1

Bolts are designed to be assembled by turning the nut. In most in-'

stances, suf ficient torque is applied to the nut to - produce the required'

preload. Note that this results in a torsional stress in the bolt in -*

addition to the axial load. This can result in a lower apparent yield
strength.46 An alternative approach is to stretch the bolt and then run
the nut down until it contacts the clamped parts. The bolt can be

44stretched by a hydraulic tensioner that applies a known load to the
bolt or by heating"7 the bolt so that it increases in length as a result'

of thermal expansion.

i

5.2 Quantities Measured to Assess Preload ,

Since bolts are usually torqued to apply preload and it is easily
measured, torque is the quantity traditionally measured to assess pre-
load. However, because of the role of friction as previously discussed,

j the value of applied torque does not relate very accurately to the bolt
{ preload.

A torque wrench is only one of several ways of controlling the ap-
plied torque. Nut runners, impact wrenches, hydraulic wrenches, twist-'

off nuts, and twist-off bolts are other torque control methods. Nut
runners, impact wrenches, and hydraulic wrenches may all be set to apply,

4

I a specified torque. Good practice requires frequent calibration. IVist-
off nuts and twist-off bolts both twist off when the required torque is,

applied. The twist-of f bolt requires a special tool for assembly; how-
ever, it of fers the advantage of installation from one side.'

The next quantity that one might choose to relate to preload is the.

nut rotation. However, several - f actors keep nut rotation from relating
, accurately to preload. The relative stif fnesses of the bolt and clamped);
v

!

!
;

t-

- - . . . _ . - - . - . - , . - - . - . . - , - . - . _ . . - , - . , - , - - . - - - - - - . - , _ , - ~ -.
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parts-affect the relationship between nut rotation and preload. Further-
more, the actual load-rotation curve is very nonlinear and nonrepeatable
when the preloading first starts because of such things as the initial

,

seating of the clamped parts and bolt. Consequently, it is difficult to
determine where to start measuring the amount of nut rotation.

A techniquel that produces relatively accurate preload by the' turn- ,

of-nut method is used for structural steel joints using ASTM A325 high-
strength carbon steel bolts and ASTM A490 high-strength alloy steel bolts.
Typical preload vs nut rotation curves for A325 and A490 bolts are shown
in Fig. 18. Note that after the bolt has yielded, further nut rotation
has a small effect on preload. The first 3/8 turn past " snug" increased
the preload 350% from 10 kips to about 45 kips. The bolt yielded at about
that point and the next 3/8 turn increased the preload only an additional
17% in the case of the A325 bolt and 36% in the case of the A490 bolt.
Thus, by applying sufficient nut rotation to ensure that the bolt yields,
relatively accurate preload is achieved. The amount of preload when the
bolt is snug is not very accurate. Thus, from studying Fig.18, it is
not possible to control the preload with any accuracy by the turn-of-nut

ORNL-DWG 84-5834 ETO
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Fig. 18. Load vs nut rotation curves for A325 and A490 bolts.
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method without yielding the bolt. In cases where stress corrosion cracking
is a problem, the maximum allowable preload must usually be below the
yield point to avoid stress corrocion cracking.

Special control systems 22,48-50 have been developed that monitor
both torque and nut rotation and yield much better preload control than
either method alone. Such systems have been designed primarily for as-
sembly line use in the automotive and aircraft industries using relatively
low-torque production tools, such as nut runne rs. Although the techniques
are best suited to high production assembly line operations because of
the sophisticated instrumentation required, portable systems are available
that would be amenable to use in nuclear reactor construction. These
techniques can detect problems such as cross-threading or bottoming of a
bolt in a blind hole. They can also provide a permanent record of the
tightening process for quality control and for future reference.

The amount of stretch of the bolt is a more direct measure of the
bolt preload. A micrometer caliper may be used to measure the length of
the bolt before and af ter tightening if both ends are accessible and there
is room for the micrometer caliper.23,47 Otherwise, a hole can be drilled
through the canter, and a pin can be inserted and welded at one end. A
micrometer depth gage may tnen be used to measure the stretch. Alterna-
tively, a dial gage may be used to measure the stretch as in the pin
extensometer-sensor shown in Fig. 19 (Ref. 51).

Several devices have been developed that use ultrasonics to measure
the bolt stretch.22,52-57 Commercial ultrasonic equipment designed
specifically for measuring bolt stretch is marketed by at least two com-
panies.*

Measurement of bolt stretch is an accurate indicator of preload
provided that the actual stretch is measured and the measurement is made
with sufficient precision. One must be careful to ensure that the ends
of the bolt are perfectly flat or that the length measurements before and
af ter preloading are made at exactly the same location.

More direct measurement of preload, including strain gaged bolts,
strain-gaged force washers, load-indicating washers, and hydraulic ten-
sioning devices, can be used to measure preload. Strain gaged bolts or
strain-gaged force washers can provide extremely accurate preload control
but are relatively expensive. At least two companiest market strain gaged
bolts and studs. One concept of the load-indicating washer 23,44 is shown
in Fig 20. Initially, the indicating collar is slightly shorter than the
inner compression ring, so it is free to turn. As the nut is tightened,
the inner compression ring is compressed until, at the designated preload,
the indicating collar can no longer turn. Such a load-indicating washer
ensures that the minimum preload is applied but does not indicate the
maximum preload applied.

Other load-indicating washers include patented devices such as the
Coronet load indicator 58 and the WAVTEC system.59 The Coronet load in-
dicator is a hardened washer with a series of protrusions on one face that

*
: Raymond Engineering, Inc. , Power-Dyne Division, Middletown CT 06457 ;-

Stresstel Corp., Scotts Valley, CA 95066.
t Strainsert Company, West Conshohocken, PA 19428; Eaton Corp. ,

Electronic Instrumentation Division, Los Angeles, CA 90066.

- - - _ . . . . . . . _ . . _ .
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Fig. 20. Load-indicating washer with indicating collar that is free
to rotate until proper preload is applied.

leave a gap between the washer and the underside of the bolt head. The
protrusions are flattened, and the gap is reduced when the bolt is pre-
loaded. Bolt preload is evaluated f rom measurements of the residual gap.

S9 is illustrated in Fig. 21. In this particularThe WAVTEC system
case, the " load-indicating washer" is an integral part of the bolt head.
Similar devices are available where the wavey washer is a separate com-
ponent. Again, only the minimum preload is indicated.

Since, by design, load-indicating washers have a low stiffness, they
lower the stif fness of the joint until the washer is flattened. Figure 22
shows a comparison between the load vs nut rotation curve for a standard
assembly with no load-indicating feature and one with the WAVTEC flange.
The nonlinearity in the behavior of the joint with the load-indicating
washer would be present in the joint diagram as well. The effect on the

joint behavior would be influenced by how much plastic deformation takes
place in the particular design of the load-indicating washer actually
used.

Hydraulic tensioners are used to apply a known force to the bolt.
The nut is then run down to a snug position. Unfortunately, relaxation
or embedment occurs when the hydraulic tensioner is removed so that the
residual preload can, in some cases, be considerably less than the load.

originally applied to the bolt by the hydraulic tensioner.
Hydraulic load cells and nuts are also available as a permanent part

of the installation. Their operation is similar to the hydraulic ten-
sioner except shims are inserted in a gap between the body and piston of

|
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the hydraulic device to carry the load when the hydraulic pressure is
released and the pumping equipment is removed.

5.3 Accuracy of the Preloading Methods _

lt is clear that several methods are available for tightening bolts.
From these methods, one that will produce preload with the required ac-
curacy must be selected. Accuracy of the applied preload depends' on three
factors: (1) tool accuracy, (2) operator accuracy, and (3) control ac-

_

curacy. Tool accuracy is the accuracy of the tool in measuring the entity
'that it measures directly. Operator accuracy relates to the additional
error introduced by the operator as a result of such things as lack of
skill, poor working conditions (e.g., hard to reach nut locations and poor
lighting), and carelessness. Control accuracy relates to the accuracy
with which the preload is controlled by the quantity actually being mea-

,

sured. As an example, consider a bolt that is preloaded using a bar
torque wrench. The torque wrench itself may have an accuracy *5% of full
scale. If the torque required is only one-half of full scale, then the
tool accuracy is reduced to *10%. Even if the corque wrench were perfect,
some error would be introduced by the operator. Under field conditions,
an operator error of *10% might easily occur. As previously discussed, '
the variability of friction results in the torque not being uniquely re-
lated to preload. A variation in preload for a given torque of *30% is
not unusual. When each of these three sources of inaccuracy are combined,
the total accuracy is

(* / 102 + 102 + 302 = i33% .

Reliable and consistent comparisons of tool accuracy, as well as con-
,

trol accuracy and operator accuracy, are difficult to make because of the
many variables that affect the comparisons. Estimates of tool accuracy
and control accuracy from Machine Design Reference Issue on Fastening and

43Joining are given in Tables 6 and 7. Note that the tool accuracies are'

given as a percentage of full scale. Therefore, the error obtained on a
particular joint may be considerably greater than the tabulated value if
the maximum torque is only a fraction of full scale. Note also that
digital torque wrenches have typical accuracies of *0.25 to 1% of full

j scale. However, Table 7 shows that torque control can at best result in
a *15% variation, so that even with a digital torque wrench and zero

' operator error, the best possible accuracy of preload would be

/(0.25)2 + (15)2 + (0)2 = *15% ..

Thus, control accuracy is the most important element in preload
accuracy in this case. Creatly improved control accuracy can be obtained

; by torquing past yield or by direct measurement of bolt stretch.

l

.
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Table 6 Typical tool accuracies (Ref. 43)

.

-Type of tool' F.lement YE #8~

o rolled. accuracy range
(* of full scale)

Slug wrench Turn :1 Flat
Rar torque wrench Torque *}-15%

Turn 1/4 Flat
Impact wrench Torque *10-30%

Turn ilD-20'
Hydraulic wrench Torque t}-10%

Turn 15-10*
Cearhead air powered Torque $10-20%
wrench Turn t5-10'

Mechanical multiplier Torque 15-20%
Turn 12-10'

Worm-gear torque wrench Torque *0.25-5%
Turn il-5'

Digital torque wrench Torque 11/4-l%
Turn 1/4 Flat

Ultrasonically con- Bolt elonga- it-10%
trolled wrench tion

Hydraulic tensioner Initial bolt 11-5%
stretch

Computer-controlled Simultaneous *0.5-2%
tensioning torque and

turn
,

Table 7. Control accuracies (Ref. 43)

Element control Preload accuracy To maximize accuracy

Torque 215% to 30% Control bolt , nut, and washer
hardness, dimensions, and finish.
Have consistent lubricant con-
ditions, quantities, application,
and types

Turn *15% to 30% Use consistent snus torque. Con-
trol part geometry and finish.

Use new sockets and f resh lubes
Torque and turn *10% to 25% Plot torque vs turn and compare

to previously derived set of

ci,rven . Control bolt hardness,
finish, and geometry

Torque past yield 13% to 10% Use "sof t" bolts and tighten well
pA9t yleId point. Use consin-
tent snugging torque. Control *

bolt hardness and dimensions
Rolt stretch ilt to 8% Use bolts with flat, parallel *

enda. Leave trannducer engaged,

4

during tightening operation.

Mount transducer on holt center
line

- , - - _ _ --
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60Osgood has also estimated the accuracy of various preload measure-
ment methods as well as the relative cost of the methods. Osgood's esti-
mates (see Table 8) of the accuracy obtained using mechanics judgment.

or a torque wrench are the same, *200%.* Although total errors as great
as +200% can probably occur using a torque wrench, much better accuracy
than that can usually be achieved. Osgood's table is useful, especially
because it indicates the relative cost that must be paid to achieve in-

creased accuracy in preload.

Table 8. Accuracy and cost of preload
measurement methods (Ref. 60)

b""'*** * *'A''
Hethod

(%) cost

Mechanic's judgment *200a 1,o

Torque wrench *2008 1.3

Turn-of-the-nut - i30 2.0

Twist-off nut il5 5

Pneumatic wrench *20 5

Heating of bolts il5 7'

Crushable washer .i10 7

Hydraulic tensioner *10 7-10

Micrometer i5 10-15

Strain gage 12 20+

aIt is not clear what Osgood meant by
-200% accuracy.

l7The German standard for high duty bolted joints gives values for
the " tightening factor" a f r vart us methods of preload application as

A
shown in Table 2. The tightening factor a is a measure of the accuracy

of the method of preload application. It is the ratto of the maximum to
minimum preload that might be applied. An example will best show how a

A
is related to the accuracies quoted previously. The bar torque wrench in
the example above had a total accuracy of i33%. The tightening factor a
would therefore be

.

, 100 + 33 = 2.0 *
A 100 - 33

*What Osgood meant by -200% accuracy is unclear.

. - . . _ , - . . . _
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The tightening factors from Table 3 are given in Table 9 along with
-the equivalent preload accuracies. Only the more common and practical
methods of preloading are given in the German standard, including three *

listings for torque wrenches that are differentiated by method of cali-
bration and type of torque wrench. The highest accuracy of tne three -

methods is obtained when a precision torque wrench is used that has been
carefully calibrated by measuring the actual preload obtained in sample
joints indentical to the joint being tightened. If the calibration is
made on at least 20 sample joints with very little scatter in the torque
required to achieve the desired preload and an electronic device is then

used to assure that the maximum specified torque is not exceeded, accuracy
as good as 117% can be obtained using torque control. With fewer sample
joints, more data scatter, and without an electronic torque limiter, the
scatter can be as high as 123%.

. When the tightening torque is determined by estimation of the fric-
t tion coefficients from tabulated values given in Ref. 17 for the materials

and lubricants being used, an accuracy of 123 to *29% should be expected

Table 9. Preload accuracy for most commonly
used tightening methods according to

VDI-2230 (Ref. 17)

PreloadPreloading
" ""'**Ymethod

(%)

Torque-turn control (1)
to yield

Turn-of-nut past (1)
yield

Stretch measurement 1.2 19

Precision torque wrench 1.4 to 1.6 il7 to 23
(calibrated by stretch
measurement on actual

j joint)

! Precision torque wrench 1.6 to 1.8 *23 to 29
(limit torque calculated

from estimates of fric-
tion coefficients)

Torque wrench (limit 1.7 to 2.5 *26 to 43
,

torque determined from

estimated friction
'

coefficients with extra
allowance)

| Impact wrench 2.5 to 4.0 i43 to 60

- - . - - .
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Jif ' precision torqss wrenches are employed. Use of. less precise torque
wrenches and an extra allowance on the specified _ torque determined- from

-

the estimated friction coefficients will produce an accuracy of *26 to ..

; *43%.
With any of the procedures requiring the use of a torque wrench,

better relative accuracy is achieved _ when the clamped parts are = relatively
stiff; the accuracy is not so good when the clamped parts are not rela-

~

tively stiff or when fine threads _ are used. The preload accuracy using.
the first two methods in Table 9 is - almost completely determined by the

i variability of the yield strength. The bolts are therefore sized on the -
! basis of the ~ preload obtained from Eq. .(22), assuming the minimum yield

strength instead of using Eq. . (21). Hence, the - tightening factor m is
A,

|- not used when the torque-turn control to yield or the _ turn-of-nut past -

yield methods are used. ' The values in parentheses serve to compare the<

i tightening precision with that ~ obtained by the other tightening methods.
Both methods are considered to be relatively accurate.

Determination of preload by measurement of the length change of the
bolt gives an ' accuracy of *9%. Finally, the use of an impact wrench pro-
duces a preload accuracy of from i43 to *60%.

,

! .

5.4 Code Requirements for Selection of Preloading Method;

;

) Like most engineering decisions, the selection of preloading method
! must- be a compromise that best. meets the requirements of a particular
j situation. The primary consideration in the case of bolting for joints
; that fall under the jurisdiction of a Code is that it must meet the Code

! requirements.. Those requirements for component. supports are given by
i paragraph NF-4724 of Ref. 2, which states "Preloading shall be monitored
! by the turn of nut method, by properly calibrated wrenches, by load in-
'

dicating washers, or by direct extension indicators."
i Requirements of methods for determining bolting preload are not given
i for other nuclear components covered by Section III of the AS3ff Boiler
I- and Pressure vessel Code. However, mandatory " Appendix XII, Design Con-
; siderations for Bolted Flanged Connections"61 does give the following
|- guidance in paragraph XII-Il00(m)

|
'

(m) Another very important item in bolting design is the,

i question of whether the necessary bolt stress is'actually re-
I alized and what special means of tightening, if any, must be
| employed. Most joints are tightened manually by ordinary
I wrenching and it is advantageous to have ' designs that require
3 no more than this. Some pitfalls must be avoided, however.
j The ~ probable bolt stress developed manually, when using stan-
) dard wrenches, is:

,

.

! S = 45,000/WQI
|

where S is the bolt ntress and d is the nominal diameter of
| the bolt. It can be seen that smaller bolts will have exces-
! sive stress ualess judgment is exercised in pulling up on
!

!

!
!
,

K
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them. On the other hand, it will be impossible to develop
the desired stress in very large bolts by ordinary hand
wrenching. Impact wrenches may prove ~ serviceable, but, if -

not, resort may be had to such methods as preheating the bolt
or using hydraulically powered bolt tensioners. With some of i

these methods, control of the bolt stress is possible by
means inherent in the procedure, especially if effective
thread lubricants are employed, but in all cases the bolt
stress can be regulated within reasonable tolerancer by mea-
suring the bolt elongation with suitable extensometer equip-
ment. Ordinarily, simple wrenching without verification of
the actual bolt stress meets all practical needs, and mea-
sured control of the stress is employed only when there is
some special or important reason for doing so.

Note that this paragraph emphasizes the use of manual wrenching for
tightening bolts in flanged connections. As noted above, hand tightening
is very imprecise. Therefore, the question of why this guidance remains
in the Code is raised. The apparent answer is that reasonable success has
been achieved using this guidance. How can this be? With flanged joints
bolt preload is not the problem one might expect. If the joint is not
tightened enough it will leak, and the bolts will be tightened until leak-
age no longer occurs. Thus, a sufficient level of minimum preload will

'

be applied. The other extreme is taken care of because the bolt will
break during installation if too much torque is applied. Because of the
effects of yielding, relaxation, or embedment and the torsional stress
during torquing, there is enough of a decrease in bolt stress when the
wrench is removed that bolt failure is unlikely if it does not occur
during wrenching. However, if the material and environment are such that
stress-corrosion cracking is a problem, tighter control on maximum-bolt
preload must be exercised to prevent bolt failure in service.

Reference 5 gives requirements for steel safety-related structures
and structural elements for nuclear facilities not covered by the ASME,

Boiler 2nd Pressure Fessel Code. Paragraph Q1.23.8 of Ref. 5 specifies'

that A325 and A490 bolts be tightened to not less than 70% of their
specified minimum tensile strength by the turn-of-nut method or by the use
of direct tension indicators. This is in compliance with the August 14,
1980, version of the AISC Specification for Structural Joints Using ASTM
A325 and A490 Bolts.1 Earlier versions allowed use of calibrated
wrenches. Note that the requirements of ASME Code Subsection NF2 are
similar to the earlier versions of the AISC bolt specification, except
that the ASME Code specifies use of " direct extension indicators" or

" load-indicating washers," whereas the AISC bolt specification calls for
use of a " direct tension indicator." Neither explains what is meant by*

" direct extension indicators" or " direct tension indicators." The back-,

ground document" for the AISC bolt specification does say that direct *

I tension indicators depend on strain or displacement control instead of

[ torque control. It also cites swedge bolts, load-indicating washers, and *

| load-indicating bolts as examples of commercially available direct tension
| indicators. It is not clear what the ASME Code Subsectinn NF defines as
| direct extension indicators. Perhaps they mean the same as direct tension

I

. -. _ __ -_ _ . . .
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indicators, but they may be referring only to methods that measure the
change in length of the bolt.

Paragraph CQ 1.23.8 of the commentary to Ref. 5 states that a cali-
brated wrench may be used for bolts other than A325 and A490 bolts.

.

5.5 Industry Bolting Practice

Another consideration in the selection of a preloading method for
The EPRI re-bolting is the current gractice in the nuclear industry.6cently funded a survey of the utility industry methods in torquing,

tensioning, and bolting. It was found that the tools being used ranged
from slug wrenches, which are tightened by striking with a sledge hammer,
to hydraulic multistud tensioners. Slug wrenches, impact wrenches, and
mechanical multipliers are usually used in the secondary system. They
found very little application of torque wrenches and bolting specifica-
tions in the secondary systems.

Rigid torque specifications are applied in the primary systems.
Manual torque wrenches were found to be used most commonly, with the beam
and click varieties being the most popular. Torque multipliers are used
for obtaining high torques. Hydraulic tensioners are always used for
the head bolts of the reactor pressure vessel. It was also noted that
hydraulic wrenches were being used more frequently.

.

5.6 Recommendations for Preloading of Bolted Connections

When bolts with reasonable ductility * are used and there is no
propensity for stress corrosion cracking, it is recommended that the re-
quirements of the Specification for Structural .Tointa Using ASTM A32S or

IA490 Bolts should be followed. That is, either the turn-of-nut method

or a direct tension indicator should be used that has been demonstrated
to produce a minimum fastener tension equal to 70% of the specified mini-
mum tensile strength of the bolts. This will produce a preload in the
bolts of no less than 70% of the specified minimum tensile strength. The
highest preload will be on the order of 5 to 15% below the maximum tensile
strength of the bolts. This upper bound is a result of the f act that the
bolt will break immediately if its tensile strength is exceeded during
installation. Relaxation or embedment immediately reduces the initial
preload by 2 to 11%. The torsional stress induced during the torquing
operation reduces the apparent yield strength of the bolt. The apparent
yield strength increases again when the torsional stress is reduced.f
Therefore, the resultant preload accuracy of something on the order of *10
or 15% is as good as can be achieved without resorting to extreme bolting

.

*The criterion of reasonable ductility mea s that the bolt elongation
at failure is at least as great as that of an A490 bolt of the same,

dimensions.

tDetailed treatment of the interaction of the torsional and axial
stress in bolts is given in Ref. 17.

__ - ____ __ _ __ _ _ _ . _ _ _ .
- _
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procedures. Furthermore, the highest practical preload is achieved. - This
makes detailed analysis of every joint unnecessary. Finally, use of
certain direct tensimi indicators, such as load-indicating washers, sin- *

1

plifies inspection of the bolted joints as will be discussed in the next
section. '

-

In some instances it will not be possible to apply the procedures
outlined above. A prime example is when the bolt is subject to stress
corrosion cracking.. A careful and complete joint analysis, which includes
consideration of preload relaxation, is then required to establish the
minimum allowable preload. Data for determining the maximum permissible
preload that will not result in stress corrosion cracking must be obtained
or it must be conservatively estimated. Thus, a preloading method must be
selected which will provide sufficient accuracy to ensure that the actual
preload is within the required range. Methods such as the " turn-of-nut"
or " torque-turn enntrni en yield" ennnot be ured beesuse the maximum
preload is only controlled by the strength of the bolt when such tech-
niques are used. Appropriate methods for use, in order of increasing ac-
curacy, are torque control, hydraulic tensioner, length measurement, and
strain gages. It is recommended that every ef fort be made to design the
joint so that the permissible preload range is as large as possible. This
makes it possible for the less expensive and more widely used preloading
techniques to be used. It must be remembered that workers are more apt to
make mistakes when they are using techniques they do not use of ten. ,

Furthermore, delays may result because the correct tools are not ac hand.
,

.

#
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6. CONCRETE ANCHOR BOLTS

Expansion anchor bolts are used to attach component and pipe supports
to structural concrete. Structural failures of piping supports for safety
equipment, found in 1978 during an in-service inspection at Millstone
Unit 1, resulted in further inspections of undamaged supports. These
inspections revealed that a large percentage of the concrete anchor bolts
were not tightened properly. As a result , the NRC issued IE Bulletin
No. 79-02 (Ref. 63), followed by a revision 64 and supplement 65 to the
original IE Bulletin No. 79-02 requiring that anchor bolts for pipe sup-
port base plates be reexamined. This IE Bulletin also drew attention to
the increased bolt load resulting from prying action that can result from
support plate flexibility and the possibility of deleterious effects of
cyclic lunding un the hulding puwer uf cuncrete anchor bults.

Shortly after IE Bulletin No. 79-02 was issued, a consortium of 14
utilities commissioned Teledyne Engineering services to do an extensive
testing program on anchor bolts.66 67 These studies showed that the
strength values given in the manufacturers' catalogs were correct if the
manufacturers' installation instructions were carefully adhered to.
Shear-tension interaction tests sh' owed that a linear shear-tension in-
teraction formula was too conservative. A small amount of shear increased
the tensile pullout load. Dynamic cyclic tests showed that cyclic loading
within allowable load levels did not advertely af fect the strength of the
anchor bolts. It was found that bolt preloid was not necessary to give-

good cyclic performance of the concrete anchor once the anchor was properly
set.

Considerable work on concrete anchor bolts has also been done at the
Hanford Engineering Development Laboratory,68,69 where existing concrete
anchor bolt test data were surveyed. Also additional tests were performed
to determine the effect of preload on anchor bolt performance under dy-
namic loading. It was found that although the ultimate strength was not
significantly impaired by cyclic dynamic loading, the stiffness was lower
than for static loading. The residual preload did not significantly af-
feet anchor load-displacement characteristics under dynamic loading unless
the preload was <50% of the full installation preload. The stif fness was
slightly less when zero residual preload existed. This decrease in stiff-
ness can result in an increase in prying action in the baseplate. Because
of the possibility of causing the anchor to slip if the installation
torque were reapplied during in-service inspections, HEDL recommended that
anchors with reduced preload not be retorqued.

It appears that the principal problems with anchor bolts are those
of correct design and proper installation. If the factors of safety on
ultimate load capacity of four for wedge- and sleeve-type anchor bolts
and five for shell-type anchor bolts recommended by IE Bulletin No. 79-02
are applied, the spacing requirements of AC1-349 (Ref. 70) are met, and
the proper installation procedures (including minimum embedment depth)
are followed, anchor bolts should perform satisfactorily. However, it is.

necessary that proper attention be given to the ef fects of pryim; action.
The ficxibility of the baseplate must be considered when determining

the ef feet of prying action on the working load to which the bolt will
be subjected. The ptocedure for considering prying action given in
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VDl-2230 (Ref. 17) is not applicable for flexible plates. Finite-element
analysis 71 or- the closed-form approach using the elastic solutions to the
beam on elastic foundation problem presented by Hou?2 may be used to

.

correctly determine the bolt loading. The reduced stiffness of the anchor
bolt under dynamic loading must be considered in this analysis also. Bolt
preload should then be. set high enough to prevent lif t-off. _

,
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7. ~ REACTOR VESSEL INTERNALS FASTENERS

'This study is aimed primarily at bolted joints in component supports;*

however,' because problems have occurred in the reactor- vessel internal
fasteners,6 they deserve some attention here. Generally, the" guidance*

given in this report for ' component support bolting can be applied . equally .
well to reactor vessel internal fasteners, since they are both ungasketed

joints. The only additional guidance is to stress the importance of ma -
terial . selection, fastener design, and fastener- manuf acture since special,.

" fasteners are of ten used in reactor vessel internals. Careful' attention

must be given to determination of the. loads imposed on the joint including'~

hydtaulic loading, thermal loading, and cyclic loading'which is-due to
such phenomena as vortex shedding and thermal mixing. - Also, water. chem-

,

istry may be of particular importance. Material compatibility with regard
to potential galvanic action that may increase the propensity for stress
corrosion cracking must be considered. i

;

Finally,. because .of .the dif ficulty of inspection and repair,. along
with the vibrations that are of ten present, special steps should be taken
to ensure that the nuts or bolts do not back off and become loose during,

; service. Many techniques and devices have been developed to prevent.vi-
i brational loosening. ' Table 10 shows the relative ' performance of some of

the available methods of preventing vibrational loosening.73 Only the'

.

: liquid threadlockers -and preapplied threadlockers were rated as excellent
in their locking performance. However, these materials generally lose

i strength at temperatures above 300'F (149'C), although some maintain good
strength to temperatures as high- as 450*F (230'C). Potential - chemical

, incompatibility problems, as well as the temperature limitations, rulei

out their use in reactor internals. The only other device in Table 10
that received a good rating for locking performance was the serrated

; head. However, preload loss due to embedment may be excessive with such
| fasteners. They may also cause failure of the clamped parts because the

digging into the clamped parts that occurs may initiate cracks.3

Consideration of special locking devices,74 such as the one shown
in Fig. 23, is of ten warranted for reactor vessel internal fasteners. -

4 Such devices should be designed to minimize 'the possibility of loose
parts in the event of a failure of the fastener or locking devices.

ASME Code Section III, Division 1, Subsection NG75 provides rules
! for core support structures. These rules apply to other internal struc-

| tures only when so stipulated by the Certificate Holder. Stress limits
'

for threaded structural fasteners are given in Subarticle 3230. The
average stress in the bolt (primary plus secondary membrane stress in-

:

! -cluding stress from preload) is restricted to 90% of the minimum yield
strength or two-thirds of the minimum ultimate strength at the service,

! temperature. The maximum membrane stress intensity during preloading is
i restricted to 1.08 times the minimum yield ' strength or 0.80 times the

|, minimum ultimate strength at the installation temperature. No minimum

j, limits are placed on the preload.

._. , , . . _ . . _ . . _ _ _ . _ _ _ . _ . - _ _ . _ _ . . _ . . _ _ _ _ . , _ _ _ _ _ _ . _ _ _ _ .
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Table 10. Comparative performance of locking mechanisms (Ref. 73)

Clamp SimultaneousLockin %' ' " I * Reusability threadperforma ce torquescatter sealing

Liquid threadlockers Excellent Low Excellent Low Poor Yes
Preapplied threadlocker Excellent Low Excellent Low Good. Yes ,
Plastic ring nut Poor High Poor High Fair' 'No
Deformed nut Poor High Poor High Fair No
Plastic patch Poor High Poor High Poor No
Serrated head Fair Fair Good Low Good No
Deformed thread Poor High Poor High Fair No -

. .
. . .
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Fig. 23. Example of locking device to prevent vibration loosening
of fastener (from Ref. 74).
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| 8. PRgSSURg BOUNDARY BOLTING

f

'The main concern of this report is bolted joints in component sup-,

ports. Such joints are nongssketed and are nonpressure-containing. Bolted,

'pressure-containing joints are generally flanged with a relatively soft
gasket asterial (between the flanges) that is deformed into the fr-

j regularities of the mating surfaces when the bolting preload is applied.
Appendix XI of Section III, Division 1 of the ASMr Boiler skf Pressure
Fessel Code 76 provides rules for the design of bolted flange connections
for class 2 and 3 components and Class MC vessels. Bolt preload is re-

,
: quired to be high enough to overcome the hydrostatic and force and still

retain enough compression on the gasket to prever.;; leakage. The bolt ;3

preload must also be high enough to seat the gasket properly by applying,

i a minimum initial lued under atesospheric temperatura conditions without
the presence of internal pressure. The required seating load depends
on the gasket asterial and the effective gasket area to be seated. Fac-
tors (a and y) are given in Appendix XI which allow determination of the
required bolt loads. These factors - first introduced into the Code in

; the 1930s - have remained in the Code relatively unchanged.
3 Unfortunately, the calculated bolt preload does not always produce
1 a joint that is leaktight, and additional unknown preload is often applied
i until a satisfactory seal is obtained.

A more exact calculation of the preload required for producing leak-
tight gasketed joints using ANSI B16.5 flanges was made by Rodabaugh and
Moore.77 Comparison of the required bolt preload- calculated bg6Rodabaugh.

i and Moore with the required bolt preload according to the Code are shown
in Table 11. According to Appendix XII,61 the probable bolt stress de-;

i veloped manually by ordinary wrenching is given by '

!.
000S= (27),

! 4
;
*

where S is the bolt stress and d is the nominal diameter of the bolt. The
| probable bolt stress developed in the flanges, based on this equation,
' is given in the last column of Table 11. According to Ref. 78, Eq. (27)
j was presented by Petrie as applicable to alloy-steel bolts with di-78
i aseters >l in. (with eight threads per inch). Manual wrenching produces
j considerably higher bolt preload than is required by Ref. 76. Manual

7
! wrenching produces suf ficient bolt preload 7 for all the Class 150, 300,
' and 400 ANSI B16.5 flanged joints. Manual wrenching does not produce
; suf ficient bolt preload for some of the larger, higher pressure flanged
j joints.

.

| Proper preloading of pressure-retaining bolted joints is in a way !
,

; easier than it is for critical nonpressure-retaining joints. If the pre-

! load is not high enough on the pressure-retaining joint, leakage will
,

| occur; whereas only proper measurements will indicate that a nonpressure
i retaining joint is not preloaded adequately. If too much torque is ap-
i plied before a seal is attained, the bolt fails. Because of short-term

relaxation and at least partial relief of the torsional stress component

!
i
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Table 11. Minimum preload required to produce leak-tight
ANSI B16.5 flanged joint according to analysis

given in Ref. 77 compared to that required
by the Code (Ref. 77)

,

Required bolt P 1 d
PreloadI*"E' Number Bolt applied
(psi)

of diam in

Size bolts (in.) Rodabaugh *
ASMEClass (in.) and b (Psi)CodeaMoore

d
150 4- 8 0.625- 26,300 12,900 56,900

d
8 8 0.750 46,600 16,900 52,000

16 16 1.000 36,500 9,200 45,000
24 20 1.250 38,600 7,400 40,300

d
300 4 8 0.750 27,200 870 52,000

d
8 12 0.875 37,000 8,200 48,100

16 20 1.250 30,800 5,900 40,300
24 24 1.500 34,800 6,700 36,700

d
400 4 8 0.875 28,600 6,600 48,100

8 12 1.000 35,800 8,300 45,000
16 20 1.375 31,300 6,400 38,500
24 24 1.750 31,700 6,300 34,100

d600 4 8 0.875 29,700 9,900 48,100
8 12 1.125 35,900 9,500 42,500

16 20 1.500 34,400 7,800 36,700
24 24 1.875 38,200 8,100 32,900

900 4 8 1.125 23,800 8,500 42,500
8 12 1.375 30,300 8,900 38,500

16 20 1.625 38,600 9,800 35,300
24 20 2.500 35,000 7,900 28,500

1500 4 8 1.250 26,800 11,100 40,300
8 12 1.625 32,100 10,300 35,300

16 16 2.500 30,300 8,000 28,500
24 16 3.500 32,700 8,000 24,100

2500 4 8 1.250 26,500 12,300 36,700
8 12 2.000 30,000 10,800 31,800

12 12 2.750 31,500 10,000 27,200

asee Ref. 77.
.

bSee Ref. 76.
% - 45,000/,[d.'

dEquation (27) is not intended for these sizes. The
figures are given to indicate order of magnitude only.

I

,
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when the tightening operation is completed, in-service failure does not
generally occur. However, if the bolts are subject to stress corrosion
cracking, the high preload induced when the bolts are tightened enough to
prevent the joint from leaking can cause in-service f ailure. ,

Considerable research on bolted, gasketed joints has been coordinated
by the Pressure Vessel Research Committee's (PVRC) Subcommittee on Bolted

,

Flanged Connections. A literature survey 80 of gasket leakage testing
sponsored by this subcommittee concluded that the a and y factors given
in the Code must be reevaluated and improved to reflect the fact that they
depend not only on gasket type and material, but aise on gasket width,
surface finish of the flanges, gasket stress, assembly stress, internal
pressure, contained medium, and permissible leakage rate. As a result,
the Gasket Test Program II was initiated by PVRC.

A literature survey 81 of methods of analysis of bolted-flanged con-
nections was also published under the sponsorship of the Subcommittee on
Bolted Flanged Connections. It discusses analysis of the bolting, in-
cluding tightening and the bolt stresses.

An exploratory gasket test program 82 was conducted to narrow down
and better define the Gasket Test Program 11 parameters. A computer data
bank containing the exploratory test parameters and results was estab-
11shed. The Gasket Test Program II is well under way. A survey of
flanged-joint user experience has been written by J. R. Payne and is ex-
pected to be approved for publication as a Felding Research Council BL4Z-
Latin. Another report entitled PVaC Milestone Casket Testa -- First Re-
sulta by A. Bazerqui and L. Marchand83 was recently published. The Mile-I stone Tests are part of the Casket Test Program 11. In these tests, com-
plex load / pressure sequences were used to determine leakage performance
and deformation response at room temperature of four types of gaskets:
(1) a spiral-wound asbestos-filled gasket with an outer compression ring;
(2) a compressed-asbestos gasket with a rubber binding; (3) a flat stain-

| 1ess steel, doubled-jacketed, asbestos-filled gasket; and (4) a sof t-iron'

oval-ring joint gasket. It is anticipated that the main parameters af-
fecting gasket performance will be identified and will serve as a basis
for defining a simplified production test procedure, which should eventu-
ally result in more meaningful gasket design factors.

The joint diagram for a gasketed joint is considerably different from,

the joint diagram for a hard-joint. The gasket is relatively sof t and
usually exhibits much more nonlinear load-deformation behavior.

In any joint with multiple bolts that are tightened sequentially, the
preload applied to the first bolt is changed when subsequent bolts are3

preloaded. This " cross-talk" is especially important in pressure-
retaining joints.

i

|
p

!
.

(
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9. PRELOAD ASSURANCE

It is important that steps be taken to assure that bolts have been
preloaded properly. During a walk-down inspection of a nuclear power
plant, a concrete anchor bolt was discovered that had been cut off and
inserted in the hole without being attached. Placement of the reinforcing
steel in the concrete was such that it was in the way of the hole for the
concrete anchor bolt. Therefore, the workman just cut the bolt of f and
put it in place so that it looked like it had been installed properly.

In another instance, examination of pipe-support anchor plates at the
Clinton reactor revealed a number of improperly installed anchor plates.84
For example, in the case of one plate used to anchor a pipe support in the
reactor core isolation cooling system, one of the four concrete expansion
bolts had been welded to the plate instead of being properly attached in
the floor.

Both of the cases cited above were instances of gross incompetence
or dishonesty in the installation of the bolts. Steps to assure proper
preload in such cases should emphasize training and communication with
the workmen to make sure they know how to properly preload the bolts, to
make sure they went to install the bolts properly, and to make sure that
they understand the importance of correctly preloading each bolt.

Proper preload, as we have seen, is critical to the performance of-

bolted connections. In some instances the preload must be controlled with
considerable precision. Complete assurance that a joint has been preloaded
properly requires that the stretch of the bolt be measured. This requires
that the bolt be measured before tightening and again when the preload is
verified. As discussed in a previous section, the methods available for
measuring bolt stretch include strain gages, ultrasonics, micrometer
calipers, and datum rods and/or depth micrometers. Unfortunately, any of
these methods requires that careful documentation of the original length

of each individual bolt be maintained. This would be a formidable tank
and would require special procedures for assuring that the original length
measurements themselves were accurate.

Guidance for how best to assure that bolts have been properly pre-
loaded is contained in " Sect. 6. Inspection" of Ref. 1. Major points
included are as follows:

1. An inspector should observe the installation of bolts to determine
that the selected procedure is properly used and should determine
that all bolts are tightened.

2. A procedure is given for using a torque wrench for assuring the bolts
have been preloaded properly.

I air first point is endorsed. Ilowever, the use of a torque wrench
for assuring that the preloading has been applied properly is of ques-
tionable value because of the inherent scatter in the preload-torque re-
lationship..

Not only is it necessary to assure that the bolts were preloaded
properly when they were installed, but consideration should also be given

! to checking the preload in selected critical bolen after severe upset
' conditions such as water-hammer or an earthquake. Such events can cause

severe loss of preload.

_- _._-- - - - - - - .
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10. SmetARY
<

.

A number of bolted jointe have failed in nuclear Class I component
oopporte and other safety-related equipment. The most frequently cited<

,

cause of failure has been strese corrosion cracking. Whenever possible,
bolting asterials that are known to not be susceptible to stress corrosion,

; cracking should be used. Because strese corrosion cracking generally
requires the presence of a locally high strees, control of the monimum'

bolt preload can be used to avoid such failures if materials that are
susceptible to stress corrosion cracking swet be used. In the usual,

* bolted joint design procedure, only the miniaan preload is controlled.
,

Two procedures for the design of bolted jointe are presented, and the>

; importance of controlling the maximum as well as the minimum preload to
| stressed. The methods available for applying and measuring preload and

their accuracies are presented. For many critical applicatione, torque
; control cannot yield sufficient preload accuracy: thus, more expensive
j methods of asseuring preload suet be used.
; Concrete anchor bolte are frequently used to connect component sup-
3 ports to the building structure. Although there have been several fail-
! ures observed, recent studies indicate they will function satisfactorily
i if they are installed according to the manufacturers' instructions. The

| effects of prying action anet be considered and baseplates must be care- i

i

i fully designed to avoid too much flexibility, which can enhance prying i
1 action.

Reactor vessel internale fasteners should be designed using the esse
} procedures discussed for component supporte. However, more attention
j ehould be given to preventing preload lose and possible loose parts.

;

j positive mechanical means of keeping the fastenere from coming loose are
j reconsended. '

) Some of the principles and problems of gasketed pressure-retaining
| jointe are sentioned. However, the design and preloading of such joints
! are beyond the scope of the present report. Indeed, auch research is
! etill going on in this area.
1 Finally, once the joint le designed and the proper preload range is '

{ determined and applied, steps must be taken to ensure that the proper pre- ;

{ load does indeed exist in the bolte. Traditional torque measurements are
j inadequate for critical joints where the proper preload range is rela-
i tively narrow, that to, less than *25%. For critical jointe, some method !

4 of measuring the bolt stretch is recommended for validating that the '

| proper preload is applied. '

l ,

!,

9
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11. RECOMMENDATIONS

.

Whenever possible, the problem of stress corrosion cracking should
be avoided by using relatively ductile bolts that are known ,to be insue-.

ceptible to stress corrosinn cracking in the service environment. When
this approach is used, reliable preload levels can be achieved using the
turn-of-nut method to preload the bolts past yield.- These joints should

.

be designed so that the minimum required preload is no more than 70% of
2 the specified minimum tensile strength. Selection of the bolts goes be-

. yond the material specification. Bolts and nuts are complex machine
s

elements that must be carefully manufactured based on many years of ex-
perience. Use of nonstandard fasteners and manufacturing methods must be
avoided unless they are carefully qualified. For example, standard
practice is to roll the threads af ter heat-treatment. This has been foundi

! to produce a residual compressive stress at the root of the threads, which
increases the fatigue life of bolts.

; Because of the complicated stress distribution in bolts, it is in-
portant that stress-corrosion testing be conducted on prototypic bolts.'

Stress corrosion cracking is a localised phenomena that makes local stress
conditions of overriding importance.

When designing a bolted joint, it is generally advantageous to make
, sure the bolt is more flexible than the clamped parts in order to minimize*

1 the load variations that the bolt will encounter during service. In ad-
dition it minimizes the preload loss that will result from embedment or
relaxation.

Once a trial bolt size is selected, the acceptable preload range must.

be determined by detailed analysis of the joint. The minimum preload
should be selected on the basis of the following factors:

} 1. Avoid lif t-of f, including careful consideration of possible prying

action.
2. Minimize load variations the bolt will see to prevent fatigue.

| 3. Avoid loosening during service by using high preload.
j 4. Allow for the effects of embedment and relaxation, which decrease the

1 preload.
i

| The maximum preload should be selected on the basis of the following
i factorst
I

i 1. It should not, of course, cause immediate fracture.
; 2. It should not be so high that it leads to fatigue failure because of

the effect of high mean stress on fatigue life.

3. It should not be high enough to cause stress corrosion cracking.'

4. It should not be high enough to damage the clamped parts.
.

The acceptable preload range determines how accurately the preload must be
i. applied. Whenever the maximum seceptable preload is at least 60% more

than the minimum required preload, torque control can be used to measure
| the preload. For smaller acceptable preload ranges, it is recommended
| that the preload be determined by measuring the ' stretch of the bolt. ,

|
Direct length measurement using either micrometer calipers or a datum rod

J

!

I
i

;

|

f
:
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and appropriate gage may be used if analysis shows them to be suf ficiently
accurate for the particular case at hand.

In some extreme cases strain-gaged bolts may be required to obtain
,

sufficient accuracy. Ultrasonic methods show considerable promise.
Further exploration of the costs and service applications of ultrasonic

,

methods is strongly recommended. Any of the methods involving stretch
measurement are costly and should be avoided whenev(r possible by de-
signing the bolted joints so that the maximum acceptable preload exceeds
the minimum by 60% or more.

!

:
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