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FOREWORD 

The Shippingport Atomic Power Station located in Shippingport, Pennsylvania was 
the first large-scale, central-station nuclear power plant in the United States 
and the first plant of such size in the world o~erated solely to produce elec
tric power. This program.was started in 1953 to confirm the practical applica
tion of nuclear power for large-scale electric power generation. It has 
provided much of the technology. being used for design and operation of the com
mercial, central-station nuclear power plants now in use. 

Subsequent to development and successful operation of the Pressurized Water 
Reactor in the Atomic Energy Commission {now Department of Energy, DOE) owned 
reactor plant at the Shippingport Atomic Power Station, the Atomic Energy Com
mission in 1965 undertook a research and development program to design and build 
a Light Water Breeder Reactor core for operation in the Shippingport Station. 

The objective of the Light Water Breeder Reactor {LWBR) program has been to 
develop a technology that would significantly improve the utilization of the 
nation's nuclear fuel resources employing the well-established water reactor 
technology. To achieve this objective, work has been directed toward analysis, 
design, component tests, and fabrication of a water-cooled, thorium oxide fuel 
cycle breeder reactor for installation and operation at the Shippingport Sta
tion. The LWBR core started operation in the Shippingport Station in the Fall 
of 1977 and is expected to be operated for about 4 to 5 years or more. At the 
end of this period, the core will be removed and the spent fuel shipped to the 
Naval Reactors Expended Core Facility for a detailed examination to verify core 
performance including an evaluation of breeding characteristics • 

In 1976, with fabrication of the Shippingport LWBR core nearing completion, the 
Energy Research and Development Administration, now DOE, established the. 
Advanced Water Breeder Applications {AWBA) program to develop and disseminate 
technical information which would assist U.S. industry in evaluating the LWBR 
concept for commercial-scale applications. The program is exploring some of the 
problems that would be faced by industry in adapting technology confirmed in the 
LWBR program. Information being developed includes concepts fQr commercial
scale prebreeder cores which would produce uranium-233 for light water breeder 
cores while producing electric power, improvements for breeder cores based on 
the technology developed to fabricate and operate the Shippingport LWBR core, 
and other information and technology to aid in evaluating commercial-scale 
application of the LWBR concept. 

All three development programs {Pressurized Water Reactor, Light Water Breeder 
Reactor, and Advanced Water Breeder Applications) are under the technical direc
tion of the Office of the Deputy Assistant Secretary for Naval Reactors of DOE. 
They have the goal of developing practical improvements in the utilization of 
nuclear fuel resources for generation of electrical energy using water-cooled 
nuclear reactors. 

Technical information developed under the Shippingport, LWBR, and AWBA programs 
has been and will continue to be published in technical memoranda, one of which 
is this present report. 
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Analytical methods and test data employed in the core 
design of bolted joints for the LWBR core are pre
sented. The effects of external working loads, thermal 
expansion, and material stress relaxation are considered 
in the formulation developed to analyze joint perform
ance. Extensions of these. methods are a 1 so provided for 
bolted joints having both axial and bending flexibil
ities, and for the effect of plastic deformation on 
internal forces developed in~ bolted.joint. Design 
applications are illustrated by examples. 

FORCES IN BOLTED JOINTS: 
ANALYSIS METHODS AND TEST RESULTS UTILIZED FOR NUCLEAR CORE APPLICATION 

I. INTRODUCTION AND SCOPE 

(LWBR Development Program) 

P.J. Crescimanno 
K.L. Keller 

·This report presents the analytic methods and experimental data that were 
used to compute the forces and stresses developed in the core bolted joints for 
the Light Water Breeder Reactor (LWBR). The primary mode of structural fa·sten
ing within the LWBR core is the bolted joint. These bolted connections, which 
were designed to remain tight over the operating life of the core, had to 
satisfy a series of constraints not normally encountered in general structural 
applications. For example, material and size of both bolt and joint had to be 
controlled to minimize the eff~cts they could have on nuclear breeding (from 
parasitic neutron capture), corrosion, and joint temperature. Also, as a direct 
consequence of their nuclear application, these bolted joints had to be suffi
ciently preloaded to offset the effects of radiation. enhanced material relaxa
tion without allowing cri~ical stress limits to be exceeded (even for very low 
probability accidental modes of high loading). In addition, the following usual 
requirements also had to be satisfied: no slippage or impacting between the 
joint members due to external loading, acceptable fatigue usage from cyclic 
loads, partial (or complete) compensation of thermal expansion effects when dis
similar materials are used in the bolted. joint, and the use of simple methods of 
joint tightening (e.g., by torque wrench) during assembly of components. Trying 
to satisfy all these requirements simultaneously resulted in designs where the 
magnitude of bolt assembly preloads (elastic clamping forces produced in 

1 
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tightened bolts) were confined to narrow acceptance bands. To determine the 
widest permissible range of preloads, and to achieve this range with a high 
1 eve l of confidence, · the .fo 11 owing procedures were deve 1 oped: 

' 1. Analytical .methods that simpHHed the process of combining all perti-
-

nent factor·s affecfing bolt preload (supported experimentally by . . 
tightening tests of selected LWBR bolted joint~). 

2. ·Preload control methods for joints tightened to either a torque limit 
or a rotation limit. 

3. Tightening techniques. that minimized the effect of friction or preload 
variation. 

Beca·use of the universal nature of bolted joints as a means of structural 
· fastening, and the attention given to bolted joint design constraints of common 

interest to all nuclear reactors, it was concluded that the bolted joint tech
nology developed for LWBR cou'ld add to the deve'loping body of knowledge applic
able to the nuclear industry. This report presents some of this technology in 
t~e form of test results and analytic relations useful to the design evaluation 
of bolted joints. References are provided for results not derived from first 
principles. In derived expressions the steps to obtain the final formulas are 
outlined in sufficient detail so that modifications can be. easily made for 
different assumptions. Specifically, the topics presented are: 

2 

(a) Calculation of internal forces in a bolted joint, including effects of 
working load, thermal expansion, and stress relaxation, 

(b) Effe'ct of preload and composite system flexibility on cyclic bolt 
loading, 

(c) Two tighte'riing. meth:Ods used by LWBR to control preload, 
(d) Design stresses to be computed in joint analyses, 
(e) Tests and test results to determine bolt preload levels and stable 

le~els of bearing stress,. 
(f) Illtistrative examples of calculation~ for a conventional bolted joint 

and.an eccentric "rockiriq" joint. and 
(g) Extension of the basic elastic analysis to account for the occurrence 

of ti~e ·ind~p~~de~f ~)~s~i~ deformation in·~he joint under loadJ 
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I I. ANALYSIS OF PRELOAD IN BOLTED JOINTS 
. . . 

A. Calculation of Internal Forces in a Bolted Joint 

1. Relation of Mismatch to Internal Forces 

In the developnent of a mechanical design, calculations .are required fre

quently to assess the effeCts produced by factors that alter the constrained 

·elastic displacements in a bolted joint. With a "mismatch" (or joint inter

ference) concept, siiJl)lified mathematical relations can be derived which may be 

used to perform these assessments. The joint elastic mismatch, as eiJl)loyed 

here, is the net difference in free lengths bet\Een the members of the loaded 

joint .if they were ima.gined to be in a disengaged state (no loosening of the 

bolt by rotation is iiJl)lied, hCMever). lhis concept is illustrated in Figure 1, 

whi.ch shews a physi.cal picture of a bolted joint (Figure 1a) th.at has been 

rrechanically idealized into a system of loaded springs (Figure 1b) which is 

disengaged in the sense that all forces acting on this sys~en are removed 

(Fig.Jre 1c). In this final illustration the difference in the free length 

between the bolt and joint members is defined as the joint elastic mismatch and 

is labelled in Figure 1c by the s.}lllbol 6. rtlte that if there is no mismatch in 

the joint there can be no .joint preload: the bolt and joint member free 1 engths 

nust imply interference before i nterna 1 ly generated constraining forces can 

develop in the assenbled connection. Further, it should be noted that 6 is a 

"signed" quantity. Fig.Jre 1c illustrates the case when 6 > 0, which indicates 

the presence of a preload in the assenbled joint. However, if 6 < 0, that is if 

the free length of the bolt exceeds the free length of the joint· members in 

series, a 1 oose joint (no preload) occurs. These observations are useful since 

the joint mismatch could be sever.ely changed, even coiJl)letely eliminated, by 

such phenomena as thermal expansion (or contraction), material relaxation, and 

even plastic deformation. The advantage of the mismatch concept is that it pro

vides an image for the attribute of nutual constraint whose modification by a 

variety of phenorrena can be easily visualized. 

Figure 1(b) portrays the equivalent spring systen of the bolted joint under 

load, which attains this loaded config.Jration upon displacerrent from the initial 

free state shewn in Figure 1(c). ~et the displacenents of nodes A, B, C, and 

D be x1 , x2 , x3 , and x0 respectively: the positive sense for displacerrent being 

indicated by the arrews shewn in the fig.Jre. As illustrated in Figure 1(b), 

node D remains fixed·and nodes Band C come together in the loaded joint. From 

3 
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examination of Figures 1{b} and 1(c) it is seen that x0 = 0,_ x1 and x2 will be 
negative displacements, and x3 will be a posit~ve displacement. Using these 
displacements, the extensions (or compression) of the individual regions·are 
perceived to be, 

oj1 = x1- xo 

oj2 = x2- x1 

( 1) 

Thus it is observed that o b. is the extension of the bolt required in Figure {1), 
whereas o j 1 and o j 2 represent the compression of the two joint regions (bec.ause 
the te.rmi nati ng nodes move toward each other in going from the free· state to the 
loaded state). Using the symbols Kb, Kjl' and Kj 2 for the elastic stiffnesses 
of ·the bolt and joint members respectively, the following relationships apply· in 
the bolted joint. 

a. StiffnP.ss Relatione; 

Fb = Kb o b ; . 0 b ) .0 

F j1 = Kj1 oj1 ' 0 j1 ( 0 (2) 

FJ2 = K j2 o j2 ' 0 j2 <; 0 

The local displacement inequalities in Equation (2), which apply specif-
1cally to the. basic bolted joint model illustrated in Figure 1, reflect the 
assumption that the joint members j1 and j2 cannot suppprt tensile forces (non
cohesive joint surfaces are assumed) and that the tensile loading exists only in 
the bolt. 

Examination of Figures l(c) and i(b) reveals that if the bolt develops 
an elongation, ob, the assembled joint members must develop a corresponding com
pressive displacement, oj 1 + oj2, in order to be in contact with the bolt. Thus 
we observe that following conditions on displacements must exist. 

b. Compatibility of Displacements 

0 j 1 + 0 j 2. = - (6 - 0 b) 

or 

0 b - 0 j1 - 0 j2 = fl .• {3} 

4 
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By consideration of the system of node displacements, the static equi-
1 i bri um of forces at nodes A and B, Figure 1 (b), requires, 

i FB = -Kb (x3- Xb) - Kj2 (x2- x1) = O 

i FA = W - K '1 ( X1 - XQ) + K . 2 ( X2 - X1) = O J J . 

which, in terms of the member displacements defined in Equation (1) may be 
restated as follows: 

c. Static Equilibrium of Forces·· 

Kb 6b + Kj2 6j2 =·Q 

Kj 1 oj 1 - Kj 2 oj 2 = W .} 
It is convenient and useful (as will he seen in App~ndix C) to express Equa-

tions (3) and ( 4) in matrix form. Thus, 

1 -1 -1 6b 6 

Kb 0 Kj2 6jl = 0 

0 Kjl -K.2 6.2 w . J J . 

Solving Equation (5)* for the individual member displacements yields, 

*Note: The determinant of the coeffident matrix in· Equation (5) is 

-KbKJ·1- KbK'2- K·1K'2 J . J J 

which may alsobe expressed, 

(4) 

( 5) 

( 6) 

(7) 

5 
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and 

'·-. _1- 1:, - 1 w 
K.2 K.1 K.2 

J J J 

[ 
1 1 1 ] Kb + Kj1 + Kj2 

.. (8) 

Using these displacement relations and Equation (2), the rrember forces can be 

express·ed by· 

and 

r:,+-1-w 
KJ.1 

F b = --=----=-~-=---=-

[
..!..._ + _1 + _1 ] 
Kb K.il . K.i 2 

' 1 1 ' 
- 1:, + (_ + -) w 

\ Kb Kj2 
. F . 1 = --=[,_,1----=;l:__~:..:;l-_,... 

J. - +- +-] 
_ Kb . K j 1 . . Kj 2 ' 

1 
-1:,- - w 

Kj 1 

(9) 

.( 10) 

(11) 

If no working force is acting on the joint, the only load present is the 

bolt preload. This force is defined by the following useful equality. 

(\ 
p = __,.[ 1 _ __:..:1 -~1 -] 

Kb + Kj1 + Kj2 

A simplification of Equations (9) to (11) is possible if the following 

definitions for bolt-to-joint stiffness ratios are adopted: 

Kb - Kb 
. r 1 = -K and .r2 - -K 

j t· j2 

Equations ( 9) and ( 11) may then be written 

r 1 (1+r2) 
F b = P + ( 1 + r 1 + r 2) W, F jl = ~P + (1 + r 1 + r 2) W, and F j 2 = -F b 

(12) 

(l3) 

These equalities are valid only up to the poin~ of joint separation. The condi

tion for incipient separation within the joint !portrayed in Figure 1 occurs when 

6 
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ei_ther Fb- Oor Fj 1- 0 under the action of the imposed working force, w. 
Therefor.e the two separation working forces may be defined as follows: 

(14) 

(15) 

When joint separation occurs, the joint members being loaded support the working 
force in its entirety. Consequently", the bolted joint relations for internal 
forces applicable to full range· of working loads can be written as, 

(1 + r1 + r2) 
0 w .. - p 

r1 

r1 (1 + ri + r2) ( 1 + r1+ r2) 
F - p + w, p < w < p b - ( 1 + r1 + r2) r1 (1 + r2) 

(16) 

w 
(1 + r1 + r2) 

p .. w 
(1 + r2) 

and 

w w ( -
( 1 + r1 + r2) 

p 
r1 

(1 + r2) (1 + r1 + r2) (1 + r1 + r2) 
Fj1 = - p (1 + + r2) 

w, p < w < (1 + r2) 
p 

rl r1 
( 17) 

0 
(1 + r1 r2) 

p ~ w (1 + r2) 

where 
(18) 

Graphs Qf Fb and Fjl as functions or W appear in Figure 2. In this derivation 

it should be noted that the elastic stiffnesses were assumed to remain unchanged 
throughout the range of variation for W. Although th·is is generally a 

7 
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satisfactory assumption; this condition may not· be satisfied in certain bolted 
joints depending upon the nature of the materials present, the seating of the 

clamped surfaces, or the geometric shape of the clamped region. 

The most common simplification of Equations (16) and (17) applies to the 
case when the working load acts directly under the bolt head. In this situation 
regions j1 and j2 are considered to form the composite region j1'. Region j2' 
may be considered infinitesimally thin (e.g., having zero flexible length) so 
that Kj 2• = ""· Thus, the flexibility relations for the "primed" regions become, 

1 . . 1 1 
--=-+-
Kj1' Kj1 Kj2 

and 1 0 
Kj2' -

\~ith this modification, Equations (9) and (10) reduce to, 

1 
~ 

Fb = fJ + r _JT J w l Kb + Kj 1' 

(19) 

rt'nrl 
1 

F j.1' -P + 
Kb 

w = 
[ 1 + 1 ] 

Kb Kjl I 

(20) 

Naturally, these equations are only applicable when W is below the separation 
K 

load (e.g., W < (1 +-K b) P ). 
'j l' 

A useful· r~sult obtained trom the preceding derivations is the relation 

presented in Equation (12), which accounts for the effect of changes in mismatch 
(constrained elastic displacement) and elastic stiffness on a significant param

eter, namely the bolt preload. This equation is easily gP.nP.ri'lli7Prl fnr N joint 

reyions in Equat1on (21), Which fol'lows: 

p = [_!_ +~ _1 J. 
l(b L K" 

i=l Jl 

2. Effect of Thermal Expansion 

(21) 

Thermal expans1on effects on preload are introduced directly with the 
mismatch concept. To demonstrate, consider a bolted joint which was tightened 

8 
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to attain an assembly preload, P1., at room temperature •. Compute the stiff
nesses*.of the ·bolt and joint at· room temperature and, for example, at the 

elevated temperature of interest .• Using the variation of Young's elastic 
modulus with temperature, form the sum of reciprocal stiffnesses at the assembly 
temperature, 

~~b + ~ t) l i=l Jl]l 

and at the elevated temperature, 

lK1
b + f LJ 

i=l Jl 2 

From Equation (21) the initial assembly mismatch is obtained, namely 

t.l = lt- + f ~ .l pI 
b i=l JlJl 

Referring to Figure l(c) .it is seen that an expansion of the bolt decreases the 
mismatch, whereas an expansion of the joint members tends to increase the mis
match. Thus if the 1 i near. expansion per degree temperature change is given by 

(22) 

for the bolt, and by 
N 

.dJ.=\ L L uji ji (23) 

i=l 

for the joint members, the net expansion of the bolt relative to the joint per 

degree change in temperature is given by .Jb - Jj, where ~i is the mean coeffi
cient of th.ermal expansion for region "i" over the entire temperature range from 

*Stiffness may .be computed on the basis of regions stressed uniformly over their 
length, e.g., Ki = AiEl/Li• 
in References (a) and ~b). 
are illustrated in Appendix 

or with appropriate axial variations in stress as 
Stiffness calculations for a typical bolted joint 
B. 

9 



WAPO- TM-1349· 

t 1 to t 2, and "Li" is the corresponding region clamped length. Over the full 
temperature range the net expansi·on must therefore be (.!b - .Jj) (t2 - t 1). 

Accardi ngly, the mismatch at temperature t 2 becomes 

(24) 

Since Equation (24) represents the new mismatch at the elevated temperature t 2, 

new preload is computed via Equation (21), namely 

Provided this preload does not imply the occurrence of plastic deformation in 
the joint (otherwise 62 would have to be modified for plasticity effects), the 
correct preload result1ng trom the temperature change shall have been computed. 

3. Effect of Stress Relaxation 

Stress relaxation is a form of material creep whereby a fraction of the 
initial elastic strain in a body is converted into non-recoverable plastic 

strain while· the total strain in the body remains unchanged. The fraction of 
the elastic strain that ·is lost fn this process is called a "relaxation 

factor." For a material whose elastic'strain is directly proportional to its 
stress, the loss in elastic strain is accompanied by a proportional loss in 

stress level. Employing the symbols o, for the original elastic displacement; 
R, for relaxation factor; and A, for lost elastic displacement; stress relaxa

tion in a bolted joint would be characterized by .lost elastic displacements 
equal to A= Ro in general, or as given by Equation (25) for the joint illus

trated in Figure 1. 

(25) 

If the final displacements are denoted by a primed superscript, the resulting 
elastic displacements for bolt and joint members are, 

(26) 

Using Equation {3) the resulting mismatch after relaxation must be 

I _ ~I ~I ~I 

6 - ub - ·u j 1 - u j 2 

10 
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which, upon _su_bstitution of Equation (26), becomes,. 

If the external load W remains constant over the period of relaxation, then by. 

substitution of the expressions in Equations (6), (7), and (8) for the initial 

displacements the relaxed mis.match becomes, 

( 1 ~ Rj2) 1 J 
+ -

K.2 K.1 
. J J w • 

If no externa_l 1 oad was present during the re 1 axat ion process, then the re 1 axed 

mismatch equation simplifies to, 

t;• = 

Since~· from Equation (12), the relaxed preload must be 

PI - /j. I 

- [..!__ + _1 + _1 J• 
Kb Kj1 Kj2 .· 

the_ relaxed preload relative to the initial preload takes a form similar to that 

for the relaxed and initial mismatches, namely 

11 
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These results are generalized, via Equation {21), for N joint regions a·s 

follows: 

['I - Rb) 
N 

(I - Rji)J 
+ I Kb K .. 

i =1 J 1 
11' = [I J! I l /::,. 

Kb + L c 
i=1 Jl 

and 

l(l 
- Rb) 

N 
(.! - R )j I Jl 

K + Kji b i=1 p• = 
[ 1 N 

p 

~jJ Kb + ~ 
l=l 

(27) 

(28) 

The reduced mismatch in Equation (27) could result in a relocation of sorne 

of the joint interfaces in the bolted joint. If this occurs, a change in total 

strain may be implied during the relaxation process for some joint members, 

wh1ch is not strictly consistent with the tests that were used to obtain. the 

relaxation factors. Material relaxation tests are usually run at constant total 

strain, whereas the total strain of the individual joint components cannot be 

constant if each component develops a different level of relaxation over the 

same time period. However, this does not introduce large errors provided that. 

calculated changes of total strain in the most prominent elastic members (usu

ally the bolt itself) are small compared to the original total strains.* Tt is 

noted that no change in total strain will occur for any bolted joint member ~f 

all relaxation factors are the same, therefore the condition of small changes in 

total strain will usually be satisfied if relaxation factors among the different 

members are not "too dissimilar." Also, if one member approaches complete 

relaxation (R-1.0) Equations (27) and (28) could lead to unrealistic predic

tions. To use these equations in this case, it is best to divide the relaxation 

history into a number of segments where relaxation effects frorn segment-to

segment are computed successively, and where the "reasonably small" total strain 

*For a uniformly strained region, i, this amounts to a comparison of the 
quantity [(1-Ri)P- P']/Kili to P/Kili. 

12 
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change within each segment is simultaneously satisfied for the rapidly relaxing 

member. The terms "too dissimilar". ·and "reasonably. small" are deliberately left 
undefined .because they are based on judgments considering the member stiffnesses 

and the design.function. of the joint. 

When the total strain can~ot be cdnsidered (even approximately) constant 
during the relaxation period, it may not be appropriate to use the previously 
defined ... standard" relaxation factor, R. A modification of this factor, defined 

and derived in Appendix E as a "specific" rela~ation factor~ is ·used in plac~ 6f 
the standard factor and Equations (27) and (28) ·are· altered slightly. The term 

"specific" is used here because this factor is computed for a specific variation 
of the total strain (with ti~e or exposure level) d~~ing the relaxation period. 
This variation is typically slow and continuous, and is caused by processes· · 
independent of the relaxation process itself (as in the case of stress free vol
umetric growth caused either by thermal expansi.on or material swelllng, ·or 'fro.m· 

gradua 1 changes in ·extern a 1 1 oadfng). 

4. Importance of Bolted Joint Preload and Some Practical Design Guidelines 

If a bolted connection joining two structures is either loose.or insuffi
ciently tightenedj the following structurally undesirable and self-worsening 

developments may occur: 

a. Relative motion between the joint members and bolt, permitted by 
looseness in the joint~ could result in surface wear an~ increased 
~tressed from impact loads; 

b. Axial and transverse alignment of the joined structures, relative to 
each other, could be disturbed~ and 

c. Any hydraulic seal provided by·the connection could be degraded 
because of leakage in the joint. 

A ligh.tly loaded or.poorly proportioned joint could also be responsible for 
the fatigue failure of a bolt in a joint subjected to cyclic loading. The con
sequence of these conditions on bolt fatigue life is more subtle than the prev1- · 
ously listed occurrences ~nd requires some di~~ussion. In· presenting the 
elastic response of a preloaded joint to an· externally applied working load, 'it 
wi 11 be reca 11 ed that the incremental change in bo 1 t 1 o-ad was 1 ess than ·the· cor
responding incremental change in. the working load if joint separation did not 
take place (see Figure 2). When the working load.exceeds the upper.separation 

13 
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load iri·Figure 2,· the bolt itself supports the working load and any changes in 

the working load di·rectly affects the bolt load on a one-for-one basis. Since 

the fatigue strength of the bolt ·will depend upon its alternating stress intens

ity and the number of load cycles to be sustained, and since design changes can

not affect. the number of l.oad cycles, it is obvious that design modifications 

will be directed towards reducing the alternating stress. intensity or to making 

the stress intensity acceptable through a change in bolt materia 1. Assuming no 

change in bolt material .or dimensions, a decrease in range of the alter~ating 

bolt forces is. ne~de~ to reduce .the alternating stress intensity. A simple way 

to. achieve th~s objective is to merely increase the· bolted joint preload level. 

This is illustrated in Figure 3, wt)ich shows the characteristic graph of bolt 

load vs. working load applicable to a typical joint for two states of preload. 

If. it is supposed that the same alternating working force acts for each of the 

preload states portrayed, the graphic coQstruction of the cyclic bolt force in 

Figure 3 shows that the range of variation in the bolt load.can be altered by 

changing the level of preload. However, it should be observed that once a suf

ficiently high pr~load is attained sd that joint separation cannot occur during 

a cylce, continued increases in preload cause no further reduction in amplitude 

of the alternating component of the bolt force. In this case the r~~ge of Vari

ation of the bolt force for the given working load variation is completely 

determined by the slop~ of the characteristic response curve for the bolted 

joint. As shown in Figure 2 (and Section II.A.l) this slope is a function of 

the bolted joint stiffnesses, which can be changed only if the stiffnesses are 

chanQed. As an example, for the system illustrated in Figure 1 (and whose 

response is graphed in Figure 2) a reduction in the bolt response slope may be 

attained by either reducing Kb and Kj 2 or increasing Kjl• 

In designs optimized to satisfy a multiplicity of constraints it is seldom 

that a redesign can be.achieved by altering only one feature (preload, dimen

sions, material, ~tc.): more typically two or rrore features must be simultan

eousl.Y changed to optimize the redesign to the original COFJStraints. This· 

results ina_·conside.rable complication to the overall design process. To min-

imize unnecessar~ complications, the following _general design guidelines are 

offered for consideratioD: 

14 
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b. Develop the greatest elastic mismatch in th~ tightened joint .that is 
consistent· with stress, siz.e, and material constraints. This pro
vides compensation for relaxation and local plasticity effects that 

may be difficult to quantify. If significant elastic mismatch is 
provided by joint members as well as the bolt, a greater degree of 

freedom will be present in making adjustments during possible future 
design optimizations. 

c. Avoid joint separati.on under static loading and joint "chattering" 
(intermittent separation) during dynamic loading through suitable 

choices of preload and member stiffnesses. In very high frequency 
applications the bolt and joint acoustic response should be designed 

·to avoid the extra fatigue cycles caused by natural frequency 
excitation by the high frequency external loading. 

d. Do not assign a small axial length.to cross sections developing the 
highest average strains, otherwise small, unanticipated increases in 

mismatch could result in relatively large increases in local strain 
if that region begins to deform plastically, with failure being the 

consequence. This is a common problem when bolts contain short 
undercut (minimum cross section) regions. 

B. Two Methods for Attaining Initial Preload in LWBR Core Assemblies 

Initial preloads have been obtained in bolted joints using the following 
commonly applied methods of joint tightening: (a) assembly of joint with an 
elastically stretched bolt (external tensioner produces mismatch which, upon 
release of external bolt load, causes a joint preload without the presence of 

residual torque); (b) assembly of joint with a thermally extended bolt, due to 
temperature difference between bolt and joint or due to differential thermal 
expansion when bolted joint is not at room temperature (mismatch produced by 
material thermal contraction results in joint preload without residual torque 

when bolted joint attains room temperature); (c) assembly of joint tightened to 
a specific level of torsional resistance (torque is produced by head and thread 
friction on the loaded bolt); and (d) assembly of joint tightened to a specific 
head rotation angle (angle is measured from a lightly clamped starting con

dition). In the assembly of LWBR core components only the torque and head 

15 
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rotation methods of tightening were used, consequently analyses for preload 

developed by only torque·and head rotation methods are presented in the dis
cussion that follows. 

1. Preload by Control of Applied Torgue 

A common way to 1 i mit bo 1 t pre 1 oads to prescribed 1 eve 1 s is to tighten a 
bolt to a specific torque. To achieve this preload control it is necessary to 
know the coefficients of sliding friction between moving surfaces in the 
threaded region .of the bolt and under the bolt head or nut. If these frictional 
coefficients are well known, the relation between the applied torque, Ta, and 
bolt preload, P, may be computed using the following equation (or other equiv-
a 1 ent forms . of this equation as derived in machine design textbooks such as 
Reference (c)): 

where 

16 

[ fos 1a ~ i •0h + cos 

Ta =applied torque, lb-in 
P = bolt preload, lb 

an sin 

an cos 

1.1 coefficient of sliding friction 

>.. + 

X -

(assumed same for head and thread) 

IJ cos 
1.1 s1n 

0
0 

head diam. (between flats on nut), in. 

Di = hole diam. under head, in. 

~] Dp] p 

Oh = effective diam. tor head friction torque, in. For the case of a 
uniform coefficient of friction over a circular annular arcJ l'lith 
uniform contact pressure, one may use 

n = number of threads per inch 
a l/2 thread profile angle (30° for standard threads) 

Dp = bolt thread 
x = helix angle 

pitch dl.3m 

= tan- 1 [ 
1 J 

n n Dp 

etn = tan- 1 [tan a cos x] 

(29) 
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. Frequently, the coefficients of friction are not well known, and the rela
tionship between preload and torque must be experimentally determined. In this 
case. it has been found convenient to fit data to the equation, 

Ta = C Om P (30) 

where Ta and P are as previously defined, and where 

· Dm bo 1t thread major di am. 

C = assembly coefficient. 

By comparison of Equations (29) and (30) it is clear that the ~ssembly coef
ficient may be expressed, 

c = i t ~: + [ ~:: ~ ::: ~ : : :~~] ~] (31) 

Experimental data fitted to Equation (30) allows determination of assembly coef-
ficients for a particular design application, and also allows coefficients of 
friction to be computed and.related to applicable combinations of sliding 
surfaces. 

Since 

In many practical situations 1.1 < 0.3, A< 5°, and a= 30°, so that 

cos a Sin A + 1.1 cos A n 
cos an cos A - 1.1 sin A 

~ tan A + ll 
cos an 

tanA= 1
0 n n p 

Equation (31) may be simplified to the following useful approximation, 

which shows the prominent effect that the coefficient of friction can have on 
the assembly torque when tightening to a given· preload. 

2. Preload by Control of Bolt Head Rotation 

If the joint being bolted is rigid, rotation from an initially "tight" con
dition will result in an elongation of the bolt from strictly geometric consid
erations due to turning of the screw threads. Further rotation of the screw 
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thread would be required to attain the same bolt elongation if the joint were 
flexible. It should be noted that the rotation in the threaded region must be 
somewhat less than the rotation of the bolt head because of the twist in the 
shank (between head and first engaged thread). Therefore the determination of 
preload by head rotation, which is primarily controlled by thread geometry, must 

also include corrections for the torsional stiffness of the bolt and the axial 
stiffnesses of both the bolt and joint. Assuming only coaxial loading (no bend
ing) of the bolted joint, each of the preceding concerns is considered sepa
rately and then combined into a final result in the derivation that follows. 

where 

a. Mismatch Caused by Thread Rotation 

If the joint is rigid, the mismatch (Section II.A.1) must be, 

8th.= thread rotation ~ngle, degrees 
n = number of threads per inch. 

(32) 

In this case A = 8b· However if the joint is flexible, it would develop some 
compressive displacement and A = 8b - 8j• (see Equation (3) and Figure 1). 

b. Bolt _Preload 

Due to the presence of a mismatch, A, if Kb is the bolt stiffness, and 

N 

Kj is the overall joint stiffness 
be· given by Equation (21), or 

(e.g., ~. = L ~ .. ), then the preload must 
J i=1 Jl 

(33) 

c. Twisting of the Bolt Shank 

When a torque i!j applied to J bolt heud to tighten a joint, fricLiun un 

all sliding surfaces, in addition to the frictionl~ss components of the forces 
acting on the screw helix, combine to produce an opposite and equal resisting 
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torque. Thus if Tt and Th are the total resisting torques from the thread and 
head respectively when .an applied torque· external'to the head is Ta, summing all 
torques for a system in static equilibrium yields, 

In the preceding equality it shall be assumed (for convenience only) that Ta is 
numerically posi.tive, which thereby implies that the resisting torques Tt and Th 
are numerically negative. When the external torque Ta .is removed, the final 
torques at the thread and head respectively become Tt and Th. Thus, 

T' + t 
T. 
h = 0 

Defining the residual torque left in ~he shank to be 

Tr = T' h = -Tt . ' 

the residual torque can be quantified via the two cases that follow: 

If ITtl ( IThl' then ITtl ( 1/2 Ta. Upon removal of Ta the direction of fric
tional forces under the head will reverse letting Th be a positively signed 
quantity. Since the head can support Tt without slipping we have 

T1 = T and T1 = -T· = IT I t t h t t 
so that 

If ITt I > IThl' then IThl < 1/2 Ta· Upon removai"of Ta the direction of fric
tional forces under the head will reverse, letting Th be a positively signed 
quantity. However, owing to the fa~t that ITtl > IThl• the head will slip since 

it can only maintain a torque Th = -Th = IThl for the axial load being sup
ported. Assuming the frictional drag forces on the thread.are always.sufficient 

to keep the preloaded bolt frqm backing out, the bolt ·preload will be maintained 
even if some of the thread drag forces must change direction. This drops the 
net torque developed on the screw threads to a magnitude that~ can be supported 
by the head, thus 

T1 -T• 
t h 
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where 

Consequently, 

From both cases 1 and 2, which encompass the full range of possibil
ities, it is concluded that the shank residual torque is always less than or· 

equal to, half the applied torque. Stated as an equality this is expressed, 

( 34) 

In some of the bolt tightening tests described in Section III, shear stresses 
were measured with strain rosettes. The results of these measurements indicated 
that an 11 ::::::::::1/4 was typical. Since only a few bolt designs wet-e tested in this 

way, this value for 11 may not be generally applicable to other designs. How
ever, it does support the reality of a residual torque and its expected 
nia·gn i tude. 

where 

The shank twist angle and residual torque are related as follows: 

G - ~hear modulu~ 

Jsh polar moment of inertia of shank (mean value for bolt over the 
clamped length of joint) 

Lsh = shank length (clamped length of joint) 
8sh = total twist angle over shank length, in degrees. 

Noting that 
. E 

G = =2.-(~1..::...._+ -u-r) 

where E is Young's elastic modulus and l.l is Poisson's ratio; and that in terms 
of an equivalent shank length, Le, and shank cross-sectional a~ea, Ash (con~· 

sistent \'lith Jsh), the bolt stiffness may be expressed by, 

20 
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the torque-twist angle relat.ion may be put into the followi.ng form, 

d. Total Head Rotation 

The total head rotation must be the sum of the rotation by the screw 
thread plus the twist in the shank. In terms of ratios already formed; 

{35) 

From Equations (32) and {33) the rotation in the threaded region is expressed, 

eth [1 1 J 
360 = n. Kb + Kj p 

and from Equation {35) the rotation in the shank is expressed, 

0
sh = (1 + u) [AshJILsh] _!__ T 

360 1r J sh Lle Kb r • 

Since from Equations (34) and {30) the residual torque can be expressed, 

Tr = n C DmP 

and for a circular shank cross section it can be shown that 

the equation for shank rotation may be expressed 

6sh= 2 (1 + u) [Lsh~ n C 
0
m 

360 A . L K p 
sh e b . 

Adding the derived expressions for the thread and shank rotations~ the following 
result is attained for the total head rotati~n: 

3;~ = [ n [t- + ~ . J + ~ s h [2 (1 + ~) D m n CJ t-J P 
b J e sh . b 
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From this equat-ion the following expression for preload is attai-ned: 

(36) 

For convenience, a description of the parameters in the preceding equation are 

listed a~ follows: 

P = bolt preload 
Kb = axial bolt stiffness 
Kj axial joint stiffness 

·Dm = bolt thread major· diameter (nominal value) 
n =.number of threads per inch 

C assembly coefficient 
n = Tr/Tu, r9,tio of res·idu9.1 torgu~ to rr~aximum torque developed during 

tightening 
Ash = circular cross-section area of shank 

Lsh = length of shank with area Ash 
Le = equivalent shank length (= Ash E/Kb) 
u = Poi~son 1 S ratio 

eh head rotation angle (degrees) 

S1nce parameter values at the tal lowing levels, 

are frequently encountered, a useful approximation of Equation (36) is, 

3.· Torgue vs. Head Rotation: Some Relative Merits 

With either the torque or head rotation rrethods· of controlling joint 
tightening there are advantages and disadvantages. The relative merits of these 

methods dictate when one rrethod is more appropriate to use than the other in a 
particular application. For example, the use of torque control depends greatly 

on the coefficients of sliding friction. Difficulties that arise with this 
method of tightening are almost exclusively associated with factors that affect 
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variability in·frictional resistance.· To overcome this difficulty various 

practices have been recommended. Some of these involve the obvious control of 
surface finishes and the combination of metals which may be allowed to slide 
over each other. Others require the use of lubr-ic:ants, a hard metallic plating 
on the threads (e.g., chrome plating), or both. Still other practices recommend 
tightening only once to avoid the effect of uncontrolled changes in the finish 
of mating surfaces from scoring, which can arise from successive tightenings. 
In LWBR the converse was found to be beneficial, since the variability of fr~c
tional effects was considerably reduced after three successive tightenings prior 

to a final tightening (see Figure 4) •. These bolts were chrome plated, and were. 
lubricated with two coats of Neolube* prior to each tightening. The successive 

tightenings in this case appear to result in a "wearing-in" of the slid~ng sur
faces. Whatever "prescription" is employed, the use of tightening to a torque 

limit usually requires attention to factors which reduce the variability of 
frictional resistance •. When frictional coefficients ar~ well known, and are. 
themselves well controlled, the use of a torque limit to control preload is 
generally preferred. 

On the other harid, tightening to an angular limit of head rotation is vir
tually insensitive to variability in frictional levels. What is critical in 
this case is the stiffness of the clamped members. In the derivation of bolt 
preload as a function of head rotation it was assumed that the joint stiffness 
was constant and was not a function of head rotation angle. If all of the 
clamped region surfaces are fully seated inside the joint "cones of influence" 
(compressive regions between the loaded extremeties of the bolt), then the 
assumption of non-changing joint stiffness is reasonable. However, if a joint 
member is warped, and all clamped surfaces are not seating flush against one 
another, the joint stiffness will be influenced by local bending as well as 
compression. The bending component to stiffness will change as the load 
increases since bending will be developed over smaller and smaller spans until 
full seating of the \'larped surface has occurred. Therefore in order to make 
practical. use of head rotation as a control on preload it is imperative that all 
joint surfaces be fully seated. To eliminate the effect. of small seating 

*A commercially prepared lubricant consisting of a colloidal graphite suspension 
in alcohol. 
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nonuniformities of. this type, a small seating torque can be applied prior to 
tightening by head rotation •. If the preload produced by the seating torque is 

P0 , then Equation (36). is modified as follows, 

P ::; P 0 + M eh ( 37) 

where M represents the multiplier of eh in Equation (36). 

The attainment of preload by head rotation, while generally superior to· use 
of torque control alone, has some notable disadvantages. First, the head rota

tion angle should be much larger than the potential angular error in making that 
rotation. Second, universal tools to perform this tightening-procedure do not 

exist as "off the shelf" items: they must be custom made to fit the applicable 
jo1nt assembly operation~ Also, they take more space than ~ torque wrench~ nnrl 
the protractor segment used to measure angles cannot always be located close to 
the bolt head. The danger in using extensions to the bolt head is that then the 

torsional twist of the extension must be accounted for, which is undesirable 
from a measurement error point of viPw. In addition, there may be sorre heud 

counter-rotation (slipping back) when the wrench torque reduces to zero. whir.h 
must be compensated for in the head rotation under load. Therefore, while head 

rotation can lead to improved preload control, it could also be a more costly 
tightening procedure to tool and perform, and rnay be limited by physical access 

requ1rell'lt!nts. 

III. PRELOAD TESTS AND TEST RESULTS 

A. Multiple Tightening TP~t~ 

The tightening of a bolted joint to a specific preload by means of assembly 
torque control is particularly susceptible to the variability of coefficients of 

friction at sliding surfaces. On the assumption that the variability of fric
tional resistance to sliding motion is due to surface irregtJlnrit.if"s and surface 

debris produced during the initial tightening, it was considered feasible to 
pursue a course of action whereby mating surfaces could "wear-in" and stabilize 
frictional resistance. To test this hypothesis, multiple tightening tests of 
various bolt designs were conducted. These bolts had chrome-plated threads 

(except for the grid-to-support post fastener) and were lubricated with two 
coats of a colloidal graphite lubricant before each tightening. Five joint 
designs representing nearly the entire range of thread and bolt sizes and bolt
ing materials used in the LWBR core were tested in this fashion to attain a 
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given maximum·bolt load for as many as five distinct tightenings. The results 

for one such bolt are presented in Figure 4. As this figure shows, the torque-:-
1 oad response becomes more repeatable after the third or fourth t i·ghteni ng. 

This conclusion is generally supported by the data gathered for the entire popu
lation of bolts and joints ~ested. Figure 5 displays the average joint assembly 

coefficient of each design tested as a function of the number of times the bolt 
was tightened. As the figure indicates, the coefficient tends to stabilize .. for 

most designs after the second tightening. From these results it was concluded. 
that each core bolt should be tightened a minimum of three times. The sections 

that follow describe the testing performed to determine the maximum range of 
preloads to be expected, given that each ~olt would be tightened· at least three 

times during assembly of the LWBR core. 

B. Preload Tests 

1. Preload By Torgue Control 

Tightening tests were conducted to develop maximum and minimum assembly 
coefficients for core joints using the multiple tightening technique just dis

cussed. Knowing the maximum assembly coefficient it was then possible to 
specify the minimum tightening torques to generate initial preloads high enough 

to prevent joint separation and unacceptable fatigue damage under all operation 
conditions throughout the core lifetime. The general locations and structural 

character of some of the LWBR core joints of interest are presented in Figures 6 

through 8. The structures illustrated in these figures are core modules, which 

are arranged in LWBR as 12 sets of movable fuel and stationary blanket modules 
surrounded by 15 stationary reflector modules. Critical configurations for 

power generatiqn and reactor control are attained by raising or lowering the 
movable fuel modules (se~ Rerer·ence (d)). 

The initial tests were performed with mini-joint mockups (as in Figure 9) 
into which was inserted a cylindrical load cell. 'The cell was clamped coaxially 

in the test joint and loaded compressively as the bolt was tightened. The 
applied torque (or measured bolt force) was increased in specified ~mounts until 
the maximum load of interest was attained. The bolts were then removed from the 

text fixture, examined for unusual wear spots, relubricated and retightened at 
least three times per bolt. As many as twelve pairs of bolts and mating nuts 
were used in order to provide sufficient data for a good statistical evaluation. 
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A typical set of tightening results is illustrated in Figure 10. In addi

tion to sh<Ming the recorded data, this figure contains a least-squares straight 

1 ine fit to the data. Two sets of data analyses were performed. The data per

taining to each individ.Jal specimen was plotted as well as the pooled data from 

all· spec'imens of a ·given bolted joint design. An exaiTtJle of the pooled data 

analysis appears in Figure 11. In both FigJres 10 and 11 the best-fit line 

through the data has a definite bias away from the origin of the graph. This 

was surprising since there is no physical basis for this observation. Pecause 

of the 1 arge· boqy of data orig·i nally collected for the movable fuel grid bolt, 

these data were examined very closely. lhey were expected to reveal such a bias 

most distinctly if one existed. In the testing for the joint, four different 

load cells were used to ~asure the pre loads in twelve dif"ferent test boHs. 
three bolts to each load cell. Grouping the torque versus load data according 

to the load cell used showed that: (l) the within group scatter about the group 

best fit line was generally smaller than the scatter about the overall best fit 

line when all the data were pooled; (2) the best fit lines for each group showed 

a distinct bias ·away from the origin; and (3) the slopes, hence the joint assem

b ly coefficients, of all the lines were statistically the same with a 95% confi

dence level. Based on these results and on the physical iiJl)lausibility ·of 

having a torque with no resulting preload or vice versa, it was concluded that 

each load cell possessed a bias, which introdJced a constant error in the 

indicated preload for each bolt. To remove the bias, the best fit line for each 

specimen was calculated using the observed data. The apparent load with torque 

equal zero was then calculated. lhis "bias load" was then subtracted from P.ar.h 

of the observed 1 oads thus forcing the best fit 1 i ne for that specimen to go 

through the origin. lhe adjJsted data were then pooled to determine the range 

of the assembly coefficient for that joint. The results of applying this type 

of correction to the qata for the blanket top base plate bolt appear in Fig-

ure 12, which shews that the magnitude of data scatter is roughly proportional 

to the load (or torque) level, a result which is physically plausible. Fig

ures 13 through 19 are similar data portrayals prepared in the manner just 

describe d. 

Additional bolt preload measurements were made during bolt tightenings for 

a separate series of stress corrosion cracking (SCC) tests. lhe fixtures and 

tightening techniques used in this test are discussed in some detail in the next 
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section and wi 11 not be repeated here. However the pertinent torques and pre

loads obtained during fixture assembly have' been recorded and are included in 

Figures 12, 13, 14,. and 18; · 

A summary of the measured assembly coefficients derived from the torque vs 

pre)oad test dati (maiimum and minimu~ of the indicated ra~ges) is listed in 

Table 1. To make these results roore useful, Table 1 also includes the screw 

thread siZe, the interfacing materials and "averaged" coefficients of fric-, . 
tion. These friction coefficients were derived from the assembly coefficients 

using Equation (31) and assume that 'the same coefficient exists under the bolt 

head as in the threads. 

2. Preload by Control of Bolt Head Rotation 

To perform a valid test of bolt preload vs head rotation, the test fixture 

must possess the same stiffness as the design joint .of interest (see Equa-

tion (36), Section II.B.2). The same stiffness was achieved by using fixtures 

bui.lt .up of discs and cylinders with a combined stiffness equal to the calcu

lated stiffnesses of the oesign joints~ A typical fixture of this type is shown 

in Figure 20. In addition to satisfying similarity in stiffness, the size and 

materials of the fixture components were also chosen to insure.that 'interfacing 

surfaces are prototypical.· The upper and lower· discs .were made so that the fix- . 

tures for the various joint designs tested could be assembled in the "universal" 

tightening fixture shown in Figure 20. Bolt loads were inferred from strain 

gages nnunted both .. on the bolts themselves and on the outer surface of the 

clamped joint cylinder. The complete test set-up including the protractor used 

to measure head rotation is shown in Figures 21 and 22. 

In each test run a similar sequence was followed. The pieces were lubri

cated as described earlier, assembled, and installed into the tightening 

fixture. An initial seating torque was applied, to seat all of the joint com

ponents firmly. The· indicated rotation of the bolt head was set to zero. An 

increment of head rotation was applied and the maximum torque was noted along 

with the indicated angular rotation at that torque. The torque was relaxed to 

zero, noting the head springback angle (approximately 3° observed at high loads 

for roost tests). Torques, angles, and strain gage readings were recorded before 

increasing the load. This procedure was repeated until full rotation was 

attained, after which the joint was disassembled for examination of rubbing 

surface wear. 
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The information gathered in this test is typified by the data obtained for 
the blanket top base plate joint and is illustrated in Figure 23. The bolt 

loads indicated in this figure were calculated from the joint cylinder strains 
only, although axial strain gages were also mounted on the bolt shank. This was 
done to simplify the data presentation by eliminating redundant results in Fig
ure 23, and also because the most consistent load indications were obtained from 
the joint cylinder strain gages. This is attributed to the superior bonding of 
these externally mounted gages, which were Mylar-backed strain gages bonded with 
a cyanoacrylate adhesive. The strain gages n-ounted directly on the bolt were of 
somewhat lower quality. They were paper-backed and bonded with Duco Cement to 
facilitate removal by an acetone bath without disassembling the fixture after 
the final tightening. 

From the graph of preload vs torque in Figure 23, it is observed that ~ 

signific~nt difference in response is indicated between the three bolts loaded 
in this test. This is apparently caused.by the different levels of friction 

operating in these specimens. The data are bounded by the shaded lines shown on 
the left side of Figure 23. Using these lines and applying Equation (30), 

assembly coefficient extremes for this bolted joint were computed. These 
extremes suggest that assembly coefficients could lie in the range of 

0.08 ,. C ,. 0.40. Expected preloads for top base plate bolts are confined to the 
region between the shaded lines on the left side of Figure.23. For example, at 
an applied torque of 1200 lb-in (100 lb-ft) the attained preload :nay be an.ywhere 
from 4000 lbs to 20,000 lbs. However, plotting the same preload data against 
the· head rotation angle developed after a 300 lb-in (25 lb-ft) seating torque, 
the graphic portrayal on the right side of Figure 23 is obtained •. Employing 
Equation (36), and accounting for the maximum variation of fixture stiffness 
along with the previously assumed variation of assemb.ly coefficients, it is 
observed that the predicted range of preloads is consistent with the 
experimental data and defines a region with a much narrower variation for 

preload than provided by use of torque level control alone. To illustrate, 
consider the head rotation angle producing the same peak preload (20,000 lbs) as 

produced with the 1200 lb-in torque. From Figure 23 this angle is observed to 
be approximately 57°. Employing head rotation control, the expected preload 
range for this angle varies from 14,400 lbs to 20,000 lbs under the extreme 
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·conditions indicated. This is a difference of only 5600.lbs, whereas for the 
comparable set of conditions under torque control the expected preload could 
range from 4000 lbs to 20,000 lbs, a difference of 16,000 lbs. 

As has already been stated, the rotation controlled preload is sensitive to 
the clamped elastic stiffness of the connection~· But once a joint. has been. 

firmly seated, the variation of stiffness from joint-to-joint of the same design 
must be relatively small. Consequently, the additional l0nding attained by a 
head rotation after seating wil.l be essentially the same for all_such jotnts. 
This cannot be said for torque control of preload, which can vary significantly 

from joint-.to-joint of the. same design. In fact, the major source of preload 
variation from head rotation control. is caused by the load uncertainties of the 
initial seating torque. Thi~ is also illustrated in Figure 23, where a.load 
variation of 4000 lbs exists just after seating the joint. The 57° head rota
tion has increased the preload uncertainty only 1600 lbs while the gross load 
leve.l is increased 15,000 lbs. (from 5000 lbs to 20,000 lbs total). This illus
trates again the characteristic advantage of head rotation control over torque 
control in minimizing the variation in preload. 

Figures. 24 through 27 present the data· obtained for preload versus head 
rotation. The limit lines in these graphs are not the "prediction" .limit lines 

drawn in the right half of Figure 23, instead they merely represent the extremes 
indicated by the data. 

C. Special Tests 

1. Preload Determined by Joint Separation Force 

A test was designed to examine how various tightening methods would affect 
the preload developed in the blanket grid to support post bolt. The test appa
ratus, which is shown in Figure 28, differed from the other methods used to 

investigate bolt preloads in that the joint separation .load was used to ca~cu
late the preload. The separation load is defined as the minimum external load 

which reduces the compressive force between the clamped members to zero and sep
aration is imminent. Using the method illustrated in Table 8.1 of Appendix B to 

calculate the joint stiffness, and applying Equations (13) and. (15) it wa~ found 
that the preload was 99% of the separation load. The advantage of using the' 

separation load as· a measure of preload is that the external loads were well 
known at all times; they were applied by a material test machine whose load 
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cells were calibrated to within 1%'acc.uracy. The roost apparent-disadvantage was 
the tirre· consurrie·d in setting up the assembly in the testlng machine. With this 

method preload was only determined for the· fully tightened joint: the variation 
of preload.with applied torque, or with the number of times the torquing 
sequence-is .repeated, could not be determined. 

To model the bearing surfaces,· washers made from the appropriate materials 
were installed under the head of the bolt. Washer rotation was restrained to 
insure that relative motion took place at the right interface. Prototypical 
bolts and nuts were tightened in th~ fixture following each of the tightening 
procedures to be investigated. A test run consisted of tightening a new and 
previo'usly unused· bolt·, nut and \'lashers as many times as· the particular pro·
cedure required~ After the final tightening for a test specimen, the fixture· 

was mounted onto the threaded machine adapters and then pulled. Dial indicators 
were mounted on· the text fixture to measure the separation of the joint. The 
specim~n was puli~d· unt~l a separation of 0.005 inch was indicated. The load 

was ·recorded at each 0~001-i~ch increment of separatio~. From the load versus 
separation data, a straight line was drawn through the data and extrapolated 

back to the load at which separation had started •. Data are displayed in Fig
ure 29 for bolts tightened by two different procedures. A description of the 
individual tightening p~ocedures are noted on the figure. As expected. the data 
lie on straight lines with a slope representing the approximate flexibility of 

the bolt (since the bolt is considerably more flexible than any other component 
in the connection). Although the data from these tests supported the cohcl~sion 
that all the tightening methods investigated produced preloads that were approx
imately equal to th~ preloads .secured with ·the original reference assembly 

method, these tests did enable LWBR to choose the tightening.technique with the 
best repeatability. 

2. Joint Bearing Load Test 

In deve~oping a bolted joint design, a common concern is that the high 

bearing stress under a bolt head may cause unacceptable loss of preload or 
failure of ~he joint components due to localized plastic deformation. Limiting 

. . 

such bearing stresses to the material yield strength is a ~onservative way_of 
assuring that such failures _\'lill not occur •. In the course of satisfying space, 

access, or clearance requir~ments, situations can arise where bearing stresses 
exceed the material yield strength (Sy) where the contact area is small. The 
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simplest correction is to merely increase the contact area. However, an 
increase in bearing a~ea cannot always be achieved without perturbing one or 

more critical design dimensions. In these cases a total redesign may be 
required unless it can be shown that a limit higher than Sy can safely be 
used. A somewhat higher bearing stress is tolerable in bolted joints, and the 
ASME recommends a limit of 2.7 Sy for the average bearin!} stresses under the 
heads of threaded structural fasteners in paragraph NG 3230, Section III of the 
1974 Boiler and ~ressure Vessel Code. 

A bolted joint is used in the LWBR core (the reflector support post-to-base 
plate connection) which could develop average bearing stresses beyond the mate
rial yield strength under certain operational conditions. Due to the shape of 
the clamped members in this joint, it was concluded that the relatively close 
proximity to a free surface on one side of the bolt hole might result in a 
reduction of bearing stress capability which would make the ASME limit inapplic
ab 1 e. Accordingly, a test was conducted at room temperature to eva 1 uate the 
bearing performance of this member. This test consisted of a joint mockup as 
shown in Figures 30(a) and (b) in which a simulated bolt head was pressed 
against the Zircaloy "foot" with a materials testing machine. Reference mea

surements (of load and machine ram displacments) were made at a seating load of 
50 lbs. The maximum ram load was increased in 2000-lb increments. After each 
load increment was applied the load was reduced to 50 lbs and measurements for 
plastic deformation were made. The ram load was increased in this manner until 

a peak load of 24,000 lbs, three times the maximum expected bolt preload in the· 
LWBR joint, was attained. At the peak test load it was found that although a 

permanent deformation of 16 mils had developed, it was developed without any· 
evidence of displacement instability, cracking, or shear failure. A graph of 

load vs permanent deformation measured during this test appears on Figure 32. 

It may be ·observed, in Figure 31, that first indications of measurable 
plastic deformation occurred at a test load of 6000 lbs. Since the bearing area 
under the bolt head is·O.l56 square inch, this corresponds to an average bearing 
stress of 38,500 psi which is sliQhtly above the tabulated 0.2% offset yield 
strength (37,000 psi) of annealed and unirradiated Zircaloy at room tempera
ture. It is also noted that plastic deformation of the joint increases at a 
uniform, low rate up to a ram load of 16,000 lbs. Beyond this load a marked 
change in the plastit stiffness of the joint is displayed; at 16,000 lbs the 
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joint develops approximately a 1-mil plastic set, whereas after a 50% increase 
in load to 24,000 lbs a plastic set of 16 mils is observed. At 16,000 lbs the 

average beari"ng contact stress is 102,600 psi, which is equivalent to 2.77 Sy• 
Hence it is concluded that the ASME limit remains applicable to this joint 

design. In addition, these results confirm that the 2.7 Sy limit provides good 
assurance that plastic deformation will be acceptably small even if the com

pressed joint area is sufficiently nonsynmetrical. The surface appearance of 
the regions which underwent plastic deformation (the Inconel 600 locking cup and 

simulated Zircaloy support post foot) are shown in Figure 32. 

3. Measurement of Residual Torgue 

In Section II.B.2.c of this report it was concluded that the residual-to
applied torque fraction n must be less than or equal to 0.5. The maximum value 

of n was used in calculating the stress intensity in the various bolt designs 
for comparison with design stress limits. To determine how conservative the use 

of this maximum value was, strain rreasurements were made during bolt preload 

testing from which actual values for n could be computed. The testing and 

analysis performed was as follows. 

To provide an estimate of the residual-to-applied torque fraction, rectang

ular strain gage rosettes were fastened to the shank of some of the LWBR bolts 

tested. Strains indicated by the rosette elements as the bolts were tightened 
were recorded to calculate the shear strain at the surface of the bolt, which in 

turn was used to calculate the residual torque. The bolts tested were 1nnc!P. from 
NiCrFe X-750 and had chromium plated threads. In each of the joints the 

hardened bolt material under the head and the plated threads interfaced with 
relatively soft NiCrFe 600 or type 304 stainless steeJ. 

The shear strain was calculated from the tensile strains sensed by the 
three elements of the rectangular strain rosette shown schematically in 

Figure 33(a). The strain condition is portrayed on the Mohr circle in Fig

ure-33(b). The measured normal strains are designated ED• for the circum
ferential component, Ego• ror the axial component, and E45 , for the strain 
component. sensed by the gage element oriented at an angle of 45° between the 

other two •. The angles AOB and BOC are each 90°, twice the angle between 
adjacent elements. The torsional shear strain is represented by twice the 
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length of the line AD. It can be proven (left to the reader) that triangles 

ADD, BOE, and COF are congruent and therefore the length DE is equal to the 

length AD. Thus, 

~y =Length AD= ~ngth DE= i (e 90 + e 0)- e 45 

or 

To relate the shear strain to the applied torque first recall 

E 
T = 2 (1 + U) y 

where · 

T = shear stress 

E = Young's elastic modulus 

u = Poisson's ratio 

y ="engineering" shear strain 

From Reference (e), for a solid circular shank, 

where 

T iS the shear stress measured at the surface 

Tis the torque, 

and r is the radius of the shank.· 

F\Jtting these results together and sol v1ng for. T 

where the term outside the square brackets is a constant depending on the radius 

of the bolt shank and its material properties. 

Using data from the thirteen specimens of four .different joint designs 

ti!11tened three times each, an average residJal torque fraction n = 0.23 was 
' ' ·. . ' 

calculated. Residual torque in seven out of eight of these bolts were found to 

be less than 33% of the applied torque, and less th.an 42% of the applied torque 
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in 95% of the cases. These results-indicate that there is substantial conserva
tism in calculating the stress intensity in the bolt based on a residual·torque 

fraction of 0.50. 

0. Conclusions 

In addition to providing experimental information to determine the range of 
preloads attained in the LWBR bolted joints, the following major conclusions 
were also established by the bolted joint tightening tests: 

3.4 

1. The analytic trends predicted by Equations (30) and (36), relating pre
load to applied torque and head rotation respectively, were observed in 

the recorded data. As anticipated from tightening analyses of joints 
containing relatively long and flexible bolts, a significantly smaller 
variation in preload was attainable with head rotation control than 
with torque control. Further, only small increases in preload uncer
tainty occurred as head rotation increased, whereas a much greater 
uncertainty in preload resulted from torque controlled tightening, and 
this uncertainty was directly proportional to the torque level. There
fore, where control of assembly preload was critical, control of bolt 

head rotation was utilized unless it was not feasible to provide a 
rotation measuring fixture. 

2. LWBR bolts were typically made of hiqh strength steels and nickel 
alloys, with threads machined to a class 2 fit. The bolt threads were 

chrome plated to reduce thread scoring and friction. With these bolts 
it was found that minimum friction levels were attgined after three 
tightenings (bolts were lubricated with a graphite suspension between 
tightenings). Also for each type of bolt tested, a minimum of preload 

scatter was evidenced when the entire set was subjected to three suc
cessive tighteni·ngs. Therefore, it was concluded that more consistent 

preloads would be attained if all bolted joints were tightened at least 
three times. 

3. During bolted joint testing, residual torquP. levels were rTEasured and 
were found to be approximately 25% of the applied torque in more joints 

examined (although a value as gr~at as 42% of the applied torque was 
also· observed). These measurements support the conclusion drawn in 

Section II.B.2.c, that the residual torque in a bolt must be less than, 
or equal to, 50% of the applied tightening torque. 
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Table 1. Test Summ.:~ry of Torque-Preload Assembly Coefficients and Friction Coefficients 

. -

~ 
t·1ate-rials ·. Sliding Assembly* Ave. Friction 

Bolted Fi 91.• re Screw Coefficient Coefficient 
Joint ~Jum·:.er Tbread . Hole D1a. . Bolt/Nut .Head/Hole t'1i n/Max · Mi n/r•lax 

Blanket, 1C 0.750-10 

~ ~ ~ ~ ~ Top Base 
Plate ' . ' 0.770 0 0 0.290 0.217 

Blanket, 11 0.500-13 

~·~ ~ ~ ~ Guide lube 
Extension 0.545 · ·· INC0-600 4 0.175 0.122 

Blanket, 12 0.375-24 

~ ~ ~ ~ ~ Sottom Base ; 

Plate 0.436 I CO 0 0 0.260 0.193 .. 
Blanket, 13 0. 500-13 

~ ~ ~· ~ ~ Shear I< ey 
I) •. )30 SS 17 4PH 0 0.175 0.128 

i·lovable 14 0.500-D 

~ ~ ~ ~ ~ Fuel, Top 
Base Plate 0.~20 0 4 0.180 9 

r·,1ovabl e 15 0.164-32 0.240 Ar~-350 

~ 
0.110 

~ Fuel, Grid-

~ ~ ~ to-Support 
Post Ar,i-350 0.160 0.114 

Reflector, 16 0.43g-14 

~ ~ ~ ~ ~ Seal Rlock 
0 0 0.390 5 

I 

Reflector, 

I 
17 0.438-14 

~ ~ ~ ~ ~ Stub Tlibe 
•).513 INC0-600 4 0.265 6 

*It should be noted that the assembly coefficients were determined using Equation (30) with torques 
expressed in lb-in, which is necessa~ for consistent units in the eauation. Also, it is noted that these 
are the maximum and minimum values indicated by measurements as illustrated in Figures 10 through 17. 
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Figure 22. Test Set-up for Tightening Bolted Joints, SCC Test 
(Neg. No. 52358-1) 
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(a) Neg. No~ 52358-4 

(b) Neg. No. 52358-6 

Figure 30. Bearing Load Test Assembly - Support Post Joint 
(Neg. Nos. 52358-4 and 52358-6) 
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APPENDIX A 

DESIGN STRESSES IN BOLTED JOINTS 

1. MEMBRANE AND BENDING STRESSES IN THE BOLT 

Membrane tensile and shear stresses (uniform stresses over a cross section) 
are computed for the minimum cross-sectional area of the bolt. If the minimum 

cross section occurs in the threaded region of the bolt, the cross-sectional 
area can be computed using the expression shown in Equation (A1) (which was 

obtained from Reference f). For both circumstances, the minimum cross-sectional 
area for the bolt may be calculated .as follows: 

{

diameter of minimum cross section, or}. 
1T 2 [ 0.32476]. 

Ac = 4 De, De = DP - n for threaded region 

where, 
De= (effective) diameter for min •. cross-sectional area 

DP = basic pitch diameter 
n = threads per inch. 

(A 1 ) 

Consequently, the 11embrane stresses produced by the tensile force, Fb, and shear 
force, Qb, are 

Fb 
OM = Ac 

and 

Qb 
TM - Ac 

respectively. 

If external loading of the joint results in a bending moment, Mb, acting on 
the bolt, the maximum 1 i nea·r elastic bending stress may be computed using the 
equality, as = (8Mb D)/(AcD~), where D is either the minimum diameter De or the 
minimum root diameter, Dr, if the minimum cross-sectional area occurs in the 
threaded region. 

2. AVERAGE BEARING STRESS AND AVERAGE THREAD SHEARING STRESSES 

In a bolted joint, bearing stresses in.the clamped region and shear 
stresses over the thread engagement region are examples of stresses that are 
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distributed in a highly nonlinear fashion. However, gross failure from these 

two phenomena is observed to occur when averaged values of these stresses over 

defined sections exceed critical values. In the discussion that follows, rela

tions are presented which can be used to compute these average stresses. 

For the average bearing stress the minimum contact area, Bb, is computed 

from part drawings considering the effects of chamfers and d.irnensional toler

ances. Wherev.er the minimum contact area might be (typically under the bolt 

head, although it could occur elsewhere depending on the joint design), this 

area is. compressed by the preload or possibly a force of different magnitude 

. when a working force, W, is present. Assuming that one or the other of these 

conditions leads to a maximum compressive force, F..i, acting on the bearing area, 

the average bear1ng stress is computed using the following equation: 

Cll, = F ./BI. 
v .I IJ 

To compute the ·average thread shear stress two calculations are required: 

one for shear of the externt~l (bolt) thread, and the other for thP. intPr'nnl 

(nut) thread. The length of thread engagement, le, is taken as the minimum 

which can occur w.ithin dra1oJing tolerances if the end of the screvt protrudes from 

the internal thread (as •in a bolt-nut combination), or may be taken as the min

imum drawing length minus 1/2n (half the thread pitch) if the bolt thread does 

not protrude. From thread form and dimensional tolerancing information pre

sented in Reference (f), the follO\oJing minimum shear areas for threads may be 

obtained: 

70 

(1) Bolt and nut of same material, shearing at basic pitch diameter, the 

shear area is 

Ie 
8 :;:8 ~rrD sb sn p 2 (A2) 

(2) Bolt threads stronger, shearing in nut threads only, the shear area 

is, 

(A3) 
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(3) Shearing in bolt threads only, nut threads stronger, the shear area 

is, 

(A4) 

where 

n = threads per inch 

Ie = engagement length 

Dp = basic pitch diameter 

us minimum pitch diameter of bolt 

u = m maxi mum pitch diameter of nut 

v = s minimum major diameter of bolt 

v = n maximum minor diameter of nut 

a = 1/2 thread profile angle (30° for standard threads). 

With these areas, the average thread shear stress computed is 

Tt = Fb/Bsb or Tt = Fb/Bsn 

to assess the strengths of the bolt and nut materials respectively. Fb is the 
maximum bolt load applicable to the type stress being computed (from primary 
loads or from primary-plus-secondary loads). 

3. LOCAL AND AVERAGE STRESS INTENSITIES OVER BOLT TENSILE AREA 

The assembly methods used to tighten bolted joints in the LWBR core, dis
cussed in Section II.B, caused a residual torque along with an axial. preload. 
Although some methods of bolt tightening do exist which produce preloads without 
a residual bolt torque, their use is generally restricted to special applica-. 

tions. For the vast majority of bolted joints, residual torque is virtually 
assured because of the methods of joint tightening normally applied. Since con
trol of stresses is of widespread interest in bolts, account must often be taken 
of the simultaneous action of this torque and axial loading. For ductile bolt

ing materials, the average stress intensity level across the smallest cross sec
tion of the bolt can be viewed as a measure of the bolts' capacity to safely 

withstand service loading even if the stress is beyond yield at the surface of 
the section. Hence an important stress limit for bolts to satisfy is the aver
age stress intensity limit. In addition, fluctuations of the maximum stress 
intensity caused by cyclic loading can affect the fatigue response of the bolt 
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material. In the following discussion, therefore, a formulation for the stress 
intensity and its area weighted mean (or "average") value are presented. 

To compute the stress intensity at the loaded shank (or thread) region with 

the minimum section, it is first assumed that the cross section is circular with 
radius R, and solid, so the following applies for the area and polar roornent of 

inertia: 

2 4 A = n R , J = 1/2 n R (A5) 

Given that the maximum axial force supported by this section is F {which 

may exist when the preload joint supports a working load), and that the section 
is simultaneously supporting the torque T, the distribution of normal and 

torsional shear stresses is given ~y 

F T 
~(r) =A= (Onst. T(r) ~ J r, 0 ~ r ~ ~ (AG) 

Representing the complete state of stress for any point at· distance "r" from the 
shctllk ctxis by a Mohr-c1rcle, it can be shovm that the principal stresses for 
this combined state of stress are 

and 

a = 0 3 

for which the greatest stress intensity must be S( r) 

. I 2 
S(r) = ·v'u(r) 1- 4 T(r) 

Hy expressing this stress in terms of the axial force, the torque, and the 

cross-sectional prop~rties, the following result is obtained, 

. 2 .j'[J Ji~; _') 2 
S( r) = - - F + I r 

J 2A 
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which takes on a maximum value when ~ ~ R. Defining the average stress 

intensity by 

R 

h S(r) dA ·2 nj S(r) r dr 

s = 0 = 
f dA 

R 
2 nfo r dr 

A 

or 
R 

- 2 f S(r) r dr s =-. 2 
R o 

evaluation of the integral then yields 

s " 6l R2 ~ l [I + [2: W]3/2 - ll 
But, from Equation (A5), it is found that 

where D is the diameter of the section of interest, hence the average stress 
intensity becomes, upon substituting Fb for F and Tr forT*, 

~" 24\ ~i [ + (~ ::JT'2 J (AS) 

In evaluating Equiltion (A8) it should be noted th~t Fb and Tr are the total 
axial bolt force and residual torque, respectively, that exist simultaneously in 
the bolt shank. Hence, at the time of joint assembly, if the greatest bolt 

force is the preload, which takes on its maximum value when the lowest 

*It is presumed that the highest axial bolt force occurs when the residual 
torque is present, which is the normally encountered condition after joint 
assembly. However, during the initial joint tightening itself, a higher shank 
torque may be present, and it is this torque which must be considered with the 
attained peak axial load when computing the average stress intensity applicable 
to joint assembly. 
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applicable coefficient of friction exists, the residual torque will be based on 
this same coefficient of friction and must be a "minimum" residual torque. To 

be realistic the force and torque must be consistent in this fashion. Addition
ally, temperature and stress relaxation changes in the joint will not only 

affect the axial stiffness of the joint but it· must also similarly influence the 

torsional stiffness of the bolt. Hence, accounting for elastic modulus reduc
tions with increased temperature, or the stress relaxation affecting the bolt 
material, the residual torque will drop along with the bolt preload. But other 

factors may be present which affect the axial bolt load alone as thermal expan-
. sion and working loads, and have no influence on the torque. Appreciation of 

these considerations allow one to maintain a consistent pairing of these 
quantities. 

Alternate forms of Equation (A8) are sometimes used in which the variablP.s 
are preload, P, and friction coefficient, ~' instead of Fb and Tr. Such alter
nate forms have the undesirable feature that the maximum coefficient of friction 
could be inadvertently coupled with the maximum preload, which is incon
sistent. Further, in this form, the residual torque is implir.itly presumed to 
be related to what may possibly be inconsistent values of preload and friction 
coefficient, which is another inconsistency. In addition to this, no provision 
is made for increased values of axial force under the action of a working 
load. Because of these potential difficulties when_$ is expressed as a function 

of P and ~' the formula provided in Equation (A8) is preferred since it clearly 
identifies the proper coefficients and parameters to be considered together, 
thereby 1 nsuri ng a consistent analysis. 
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APPENDIX B 

EXAMPLE OF A BOLTED JOINT PRELOAD ANALYSIS 

Use of the results presented in ·sections II ahd III is best demonstrated by 
a prelo~d analysis of a bolted ·joint. To this end, the LWBR guide tube exten

sion joint has been chosen because it is a rather typi ca 1 core joint, and it 
also possesses sufficient complexity to illustrate many analytic features .of 

general interest. A cross-sectional drawing of this joint in Figure B.l shows 
an Inconel X-750 bolt clamping five distinct 304 SS joint members against an 

Inconel 600 structure. Since a variety of materials are employed in the joint, 
particular attention must be given to such matters as elastic stiffness, mate

rial strength, thermal expansion, and stress relaxation effects. In addition, 
the bolt and individual joint members are shaped differently, and this \'/ill have 

an effect on local stresses and on the elastic stiffness of each member. For 
example,other thanthe spacer \'lhich.is in the form of a simple washer, the 

clamped members are in the form of bolting lugs of various shapes and sizes. By 
assuming that the structures to which the lugs are appended are significantly 

more flexible than the individual lugs themselves, the clamping force in the 
joint will be determined primarily by the elastic deformability of the bolt and 

joint members (lugs) rather than by any deformation in the structures to which 
they are attached. This assumption is valid for the application at hand, and 

allows attention to be focused exclusively on the joint itself as an isolated 
elastic structure; the only communication with regions outside the joint is 

through a working force, W. 

As stated earlier, the clamped lugs are each different in size and shape 

and hence the distribution of stresses throughout each lug under load is likely 
to be complicated, which makes the precise determination of each lug•s elastic 

flexibility (or stiffness) no trivial matter. However, for many bolted joints 
(including the one currently being considered), rmst of the system flexibility 

resides in the bolt itself. In this situation, some lack of precision in the 
nexibility associated with' individual joint members is tolerable and will not 

llldr·kedly affect the magnitudes of the comrmted joint forces. It is therefore 
considered appropriate to treat the loaded volumes of the joint as cylindrical 

regions whose lRngth and effective cross-sectional areas are as given in 
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Figure B.l. With this portrayal of the joint members, and the fact that the 
bolt actually is a cylindrical body, the individual region stiffnesses listed in 

Table B.l were computed. 

The treatment of the bolt in this table is noteworthy since the table 
values are based on two slightly different bolt lengths. For the elastic flexi
bility, the length of the threaded region was artificially increased to account 

for the flexibility of the engaged threads. The increase follows the recommend
ation of Reference (a) which suggests that an increased length of approximately 

2/3 De may be employed (where De represents the effective diameter of the 
threaded region). However, in accounting for thermal expansion effects the 
actual gr·ip length of the bolt was used (e.g., in the product al the true value 
of L was used, not the effective value employed in the stiffness computations). 

The treatment of stress rPlnl(ation factors include3 both tht;:nllctl dlld 

irradiation induced effects. Although the experimentally observed irradiation 
induced relaxation is developed at operating temperature, the thermal and irrad
iation induced effects are treated as sequential events~ This is done because 
thermal relaxation rises to maximum levels very quickly and essentially stays at 
this level independent of further tirre exposure at .temperature. Irradiation 
induced effects howev~r become sensibly evident long afterwards, and generally 
increase at a much slower rate. To explain the relaxation express{ons rrP<;0.nted 

in Table B.l, consider the following argument. For brevity suppose that con
stant total strain tests for matP.rir.~l "i" shOI'I a drop in stress level rrvm an 

initial value, oio• to a vdlue, a 11 , as a consequence of thermal relaxation 
effects. Then, under the influence of neutron irradiation, suppose a further 

drop in stress takes place to the value cri 2• Since the relaxation factor is 
defined as the ratio of the drop in stress to the initinl stress, the relJxation 
factors for these sequential events are expressed, 

Accordingly, the gross relaxation factor defining the final condition to the 
initial condition must be expressed, 
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From Section II.A.3 it is seen that the parameter (1-R;) is needed for each 

material region in the bolted joint. This is determined in a straightforward 
fashion by ·noting that 

(1-R.) 
1 

(1-Ri1) 
0 i1 

-- ·' a; 0 .. 

and 

so that the desired quantity is computed from the values R; 1 and R; 2, determined 
from relaxation test results, using the following equality: 

{1-R.) = (1-R. 1) (1-R. 2) 
1 1 1 

The results of this computation are listed in Table B.l. Also shown· in this 
I 

table is the quotient which represents the composite effect of the relaxation 
for all materials present in the bolted joint, namely 

\ (1-Ri) 
L K. 

(1-R) = --~1 -

I ~i 
which is needed for the computations indicated in Equations (27) and (28). 

In Table B.2 the initial preloads are determined by using the applicable 
maximum and minimum assembly coefficients (Table 1). Employing the calculated 
stiffnesses, thermal expansion sums, and the overall relaxation multiplier, a 
sequence of forces (preload, total bolt force, and separation load) and stresses 

are computed. These results reveal the critical performance conditions for the 
bolted joint (highest bolt stresses on one hand and closest proximity to joint 
separation on the other). This table portrays a specific sequence of events 
common to rna~ bolted joints in service: cold assembly~ heatup, r~laxation at 
hot operating conditions, and coo 1 do\'m to assembly temperature after re 1 ax at ion 

has occurred. As an aid in follo~ing Table B.2, the source (table or equation 
I 

numbers) for each entry or computation is given. 
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.Tables B.'l and· B.2 should be vie\'led as something roore than just an illus

trati-on to·display the major results of this analysis. It is true that if 
entries in these tables are carefully examined, the intended objective of this 

example calculation shall have been fulfilled. But these tables mean more. 
They contain an orderly listing of preliminary information and provide, in addi

tion, an efficient calculational sequence for the performance of joint anal
yses. The organization of information in these tab 1 es has evo 1 ved from nurnerous 
joint evaluations, and it is recommended as a practical aid for the analyst. 
Model \'/ork sheets based on the formats of Tables B.l and B.2 can be found immed

iately before the back cover of this docurnent. They are suitable for.making 
duplicate forms which can be used in engineering analyses of bolted joint 

designs. 
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ORIFICE PI.A 
{304 SS) 

ORIFICE PI.B 
(304 SS) 

STUB TUBE 
{304SS) 

SPACER 
(304 SS) 

0.500-13 Thd 
{At=O.I419, Deq =0 .425) 

1 GUIDE TUBE EXTENSION BOLT 
(INCONEL X-750, COND. B) 
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.,....,_ 
rr--i'l 
II II 

__J 0.860 L 
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0 .005 CHAMFER 

Figure B.l. Guide Tube Extens i on Joint 
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(Intentionally Blank) 
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Table B.l. Stiffness Calculation Work Sheet 

r~ember GT Ext Spacer Stub Tube Ori f. B Orif. A Shank Thread 
Material 304 ss 304 ss 304 ss . 304 ss 304 ss I-X750 l-X750 

A (Dh)* 1.20 0.573 o. 779 0.751 o. 723 0.1964 0.1419 

(Dn)* - - - - - - -
(Dn/Dh)* - - - - - -

L (L/Dh) or 2L/Dh)* 0.625 0.127 0.880 0.375 0.880 2.63 0.540** 
(e0 , cone angle)* - - - - - - -
(p from TM-1105)* - - - - - - -

A/L 1.92 4. 51 0.885 2.00 0.822 7.47 X 10-2 2.63 X 10-1 

tc 70°F -
Ec 28.3 X 106 - 31.0 X 106 

Kc = E1 A/L 5.43 X 107 1.28 X 108 2.50 X 107 5.66 X 107 2.33 X 107 2.31 X 106 8.15 X 106 
(=ElDh p)* 

1/Kc 18.4 X w-9 7.83 X 10-9 39.9 X 10-9 17.7 x 10-9 43.0 X 10...; 9 4.32 x 10- 7 1.23 X 10-7 
- 8.7 X 10-6 7.2 10-6 ac X .. 
- 5.44 X 10-6 1.10 )(. 10-6 7.66 x 10-6 3.26 X 10-6 7.66 X 10-6 18.9 x 10-6 10-6t 
CCC 1.85 X 

Region Totals: 
o.126 x w-~ x 10-6 

E l/Kc 0.555 
E acl 2.51 X 10- 2.08 X 10-5 

::E 
)> 
""0 
0 
I 
--i 
3: 
I 

....... 
00 w 
....... ~ 

1.0 
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Tab· e B.l. (Cant) 

Member GT ::xt Spacer Stub Tube Orif. B Orif. A Shank Thread 
Ma:erial 304 ss 304 ss 304 ss 304 ss 304 ss I-X750 I-X750 

th 535JF --
Eh 25.5 X 106 - 28.0 X 106 .... 

' 

Kh = E,., A/L 
'- 4.90 X 107 1.15 X 108 2.26 X 107 5.10 X 107 2.10 X 107 2.09 X 106 7.36 X 106 

(E2Dh p)* 

1/Kh 20.4 X 10-9 8. 70 X 10- 9 44.3 X 10-9 19.6 X 10-9 47.7 X 10-9 4.78 X 10- 7 1.36 X 10-7 
- 9.6 x 10-6 7. 7 x 10-6 
ah - ... 
~hl 6.00 X 10-6 1.22 X 10-6 8 .!l5 x 10-6 3.60 X 10-E 8.45 X 10-6 20.3 X 10-6 1.98 X 10-6t 

Region Totals: 
0.141 X 10-6 o.614 x 10-6 

E 1/Kh 
- 2. n x 10-5 2.23 X 10-5 E ahl 

{1-R) = (1-Rth) 
( 1-R i rrad.) 

0.51 0.80 -
{1-R)/Kh 1.oo x 10-8 4.26 X 10- 9 2.L7 X 10-8 9.60 x w- 9 2.34 X 10-8 9.57 X 10-8 2.72 X w-8 

E ( 1-R )/~:h 
{1-R) =_ 

E 1/Kh 
0.75 

*Items in parentheses used if joint 
equi va 1 ent. 

**0.257 + 2/3 Dec = 0.540; increased 
tBased on lengtn of 0.257 only. 

st i -=fness computed by methods of TM-1105 (Reference a) or 

length to estimate thread flexibility. 



Operation a 1 
Condition 

Cold 
Condition 
No 
Relaxatiorn 

Hot 
Condition 

No 
Relaxation 

Table 8.2. Bolt Load Calculation Sheet 

1te11 

T(lb-in) or P0 (1b) 
C or-:~ 
Dm(in) or e(deg.) 

tc (oF) 

Pc(lb) 

w· ( 1 b) 

Fb(lb) 
Tr(lb-in) 

S (psi ) 

[1/Kb + 1/Kj]c 

6.c 

th (OF) 

(th - tc) 

(Jb -Jj) fth- tc) 

6.h 

[1/Kb + 1/Kj)]h 

ph (lb) 
H( 1 b) 

Fb(lb) 

Tr(lb-in) 

5 (psi) 

Source 
(Definition or 

Equation) 

Eq. ( 30) or ( 37) 

Eq. (19) or (lo) 

Eq. (A7) 

Table 5.1 

Eq. (21) 

Table B.1 
Table S.1 

Eq. (24) · 

Table B.1 

Eq. (21) 

Design E~ternal Load 
E q. ( 19) or ( H>) 

(= Eh/Ec Tr cold) 
Eq. (A8), thread region, 

Deq. = 0.425 

Mini111um 
Preload 

278. 
0.175 
0.50 

3180. 

139. 

0.681 x w- 6 

2.16 X 10-3 

2.23 X 10-S 
2.77 X 10- 5 

. 535° 

465° 

-2.51 X 10- 3 

4.67 X 10-3 

0.-755 X 10-6 

6190. 

3400. 

G820. 

126. 

49,500. 

r~aximum 
Preload 

314. 
0.075 
0.50 

8370. 

157. 

0. 681 X 10-6 

5.70 X 10-3 

2. 23 X 10-5 

2.77 x w- 5 

535° 

465° 

-2.51 X 10- 3 

8. 21 X 10-3 

0. 755 X 10-6 

10 '900. 

3400. 

11 '500. 

142. 

82,100. 



Tab·le B.2. (Cont) 

Source 
Operation a 1 (Definition or Minimum Maximum 

Condition :tem Equation) Pre 1 oad Preload 

Hot ( 1-R) Table B.1 0.75 0.75 
Condition 

p rh = (1-R)Ph Eq. (28) 4640. 8180. With 
Relax:1tion wsep Eq. (13), (15) 5710. 10,100. 3 

6 rh Eq. (21) or ( 27) 3.50 X 10-3 6.16 X 10-

Cold 6 rc Eq. ( 24) o.99 x lo-3 3. 65 X 10-3 
Condition 

Pre Eq. (21) 1450. 5360. With. 
Relaxation wsep Eq. (13), (15) 1!80. 6580. 

Basic R~lations: 

t~ = [1.'Kb + 1/K .- P c rc c 



APPENDIX C 

CONSIDERATION OF AXIAL AND BEND-ING FLEXIBILITIES 
IN A COAXIAL JOINT 

1. RELATIONS FOR ELASTIC INTERNAL FORCES AND MOMENTS 

· WAPD- TM-1349 

In Section II.A.l, the bolted joint relations were derived for a rather 
general bolted connection considering only the effects of linear axial flexibil
ity. In this appendix the same nndel is considered with the additional compli
cation that the three fundamental structural elements acting in the connection 
(the bolt and the two joint regions) possess bending as well 'as axial flexibil
ity. As before, only a completely coaxial system is considered so that bending 
effects are totally uncoupled from axial effects. This is accomplished by 
as surni ng that a xi a 1 effects are caused only by changes in 1 en gth a 1 ong the 
coaxial neutral axes of all bolted joint members, and that bending effects 
(flexure) cannot influence axial displacements because of the coaxiality 
restriction. However, related axial and rotational displacements (or forces and 
moments) may be introduced to this system from an external source (external 

loads or structures). An idealized mechanical 100del to portray this type of 
bolted joint appears in Figure C.l(a), which shows the bolt and joint members at 
nodes A and C separated for purposes of illustrative clarity. The flexibility 
for each region of the connection is indicated schematically by a coil spring 

with linear stiffness K, and a spiraf ~pring with angular stiffness H. In the 
assembled (and fully seated) condition the axial and rotational displacements 
are continuous at each node~ hence faces in contact develop the same axial 
motion and tilt at the contact points (see points A, B, and C in Fig-
ure C.l(a)), If t.he systP.rn is imagined in its disengaged state (in the sense 
that the restraining forces are removed and all elements are allm'led to revert 
to an unloaded configuration), the bolt and joint elements may be viewed as 
shown in Figure C.l(b), which presents the linear and angular mismatches (ti£ and 
~r) that exist between the bolt and. joint 1rembers in the connection (see Sec

tion II.A.l for definition of mismatch). Also shown in Figu~e C.l(b) are the 
holt elongation and the bolt angle of flexure as point C' is brought to its 
loaded position, point C in Figure C.l(a). The extension and flexure angles for 

the bolt are indicated in Figure C.l(b) by the symbols cb and <Pb: they 
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represent the differences in the linear and rotational displacements respec

tively of the bolt ~xtremiti~s .(points A and C'). In a similar fashion, the end 
point displacements of the joint regions are used to determine elongation and 

flexure angles for those members. The displacements of all node points are 
labeled in Figure C.l(c), the positive sense for each displacement being indi
cated by the arrows shown in the figure. The elongati~ns. and flexure angles are 
expressed in terms of these displacements as follows: 

0·1 J l 
J 

(C1) 

The forc~s,.F,: and moments, M, in the respective bolted joint elements 

arise as a consequence of the element elastic stiffnesses and their correspond
ing elongatio~ and flexure angles, as expressed in the following relations. 

i. Stiffness· Relations 

Fb = Kb ob, ob ~ 0; M = ~b <l>b b 

Fj1 = K.1 0 j 1, 0 j 1 ~ 0· Mj1 = Hj1 <1>·1 (C2) ' J 
, 

J. 

Fj2 Kj2 oj2; oj2 ~ 0; Mj2 = Hj2 4>j2 

f-rom F i g u re C • 1 ( b ) , in order for the assembled joint to be in continuous 
contact, the cumulative joint compression and rotation at point C" must make up 
the deficit between the bolt motions and the respective linear and angular mis

matches. This reqlji~ement leads to the follovling condition for compatible 
elongations a~d flexur~ a~gle~ in an unseparated joint. 

2. Com12atibilit,t of Member Diselacements 

oj 1 + 0·2 = -( 6 . - ob) J ~ 

<Pjl + ·cpj2 : -(~ - <l>b) r 
or 

o" 0 j1 0·? = ~9. .} b JL 
(C3) 

<l>b <I> j 1 - <Pj 2 ~r 
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Lastly, for a connection that is in static equilibrium, the following 

results must be fulfilled at nodes A, B, and C in Figure C.1(a). 

r FA= F1 + Kb (x 3 x0) + Kjl (x1 x0) = o 

r MA = M1 + Hb (83 a0 ) + Hj 1 (81 80) = o 

r FB F2 Kj 1 (x1 x0) + Kj 2 (x 2 x1) = 0 

r MB = M2 Hj 1 (81 80) + Hj 2 (82 81) = 0 

rFc==F 3 -Kb(x3 x0) Kj 2 (x 2 x1)=0 

r Me M3 - Hb (83 80) Hj 2 (82 81) = o 

Because the entire joint must a 1 so be in static equi 1 i bri um, the fo 11 owing addi
tional relations involving the external forces and moments must also apply: 

} (C4) 

Hence, making use of the. local elongations and flexure angles defined in Equa

tions (C1), and replacing F1 and M1 by their equivalents per Equations (C4), the 
equations for the static equilibrium of forces and rnoments may be reduced to the 

following linearly independent set of equalities: 

3. Static Equilibrium of Forces and Moments 

KJ. 1 oJ. 1 - K.'> O·~ = F? Jt_ J~ "-

H b q,b + H j 2 4> j 2 = M 3 

Hj1 4>j1 - Hj2 4>j2 = M2 

(C5) 
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The governing equations re·l at i ng the system forces (or moments) to the system 
linear (or angular) displacements, Equations (C5), and the displacement 
compatibility equations, Equations (C3),.may be expressed in matrix form as 

follows: 

1 -1 -1 I 0 0 0 cb t:J.Q, 

I 
Kb 0 Kj2 I 0 0 0 cj 1 F3 

I 
0 Kj 1 -Kj 2 I 0 0 0 cj2 F2 

- - ·- - - - - - - -1-- - - - - - - - - = (C6) 
0 0 0 I 1 -1 -1 ~ tJ. r 

I 
0 0 0 I Hb 0 Hj2 4>j 1 ~~3 

I 
0 0 0 I 0 Hj 1 -H j2 4>·2 Mz J -

The dashed line partitioning of the coefficient matrix in Equation (C6) clearly 
shows that axial and bending effects are uncoupled in this bolted joint model. 
If the bolted joint model did not contain a coaxiality requirement, then there 

would have to be some non-zero entries in the off-diagonal submatrices of Equa
tion (C6) to reflect the additional complexity of coupled axial and bending 
effects~ However, the current discussion pertains only to uncoupled axial and 
bending ettects, an'd consequently only the system portrayed in Equation (C6) 
will be analyzed. Obtaining the rrember displacements in Equation (C6) under the 
assumed coaxiality restriction is relatively simple and follows identically the 
steps outlined in Section II.A.l, since only two algebraically identical sets of 
three equations in three unknowns need to be solved. This yields the following 

results upon substitution of the resulting forces and moments in Equations (C2). 
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[-1 J F + [ _1 + LJ F + t!,R. Kj 1 2 Kj 1 Kj 2 3 
F -b -

[1 + 1 + 1 J 
Kb K1 Kj2 

[1 J M + [ 1 + 1 J M + !!, 
Hj 1 2 Hj 1 Hj 2 3 .r 

Mb = 
[1 + 1 + 1 J 

Hb Hj1 Hj2 

[~b + ~j2] F2 + [~b] F3 - t!,R. 

Fj1 = 
[1 +1 +1 J 

Kb Kjl Kj2 (C7) 

[~ + ~ J M2 + [ ~ J M3 - 6r 

Mj1 - b J2 b 

[1 + 1 + 1 J 
Hb Hj1 Hj2 

- [-1 J F + [ l_ J F - t!,R. K j 1 2 Kb 3 
Fj2 = 

[1 + 1 + 1 J 
Kb Kj1 Kj2 

From Equations (C7) it is noted that when the external forces and roornents are 

not present, the bolt force becomes 

Fo = [1 + 1 + 1 J Fb Kj1 Kj2 

which is identical to the system preload defined earlier (Section II, Equa

tion (12)). In a similar vein the bolt moment becomes 

llr 
M = ,-,-----:--'--::---

0 [1 + l + 1 ~ 
_Hb Hj1 HJ2J 

which shall be called, for uniformity, the system premoment. 

(C8) 

· (C9) 
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To further simplify the results presented in Equations (Cl) the follo~ting 

stiffness ratios are defined: 

Kb Kb Hb Hb 
(C10) r1 = Kj1 ' 

r =- ' p1 = Hj1 ' p2 = Hj2 2 Kj 2 

~~i th Equations (C8) , (C9), and (C10), the results presented in Equations (Cl) 

may be more compactly expressed, 

F = Fo 
r1 

F2 + 
(r1+r2) 

F3 b + (1+r
1
+r

2
) (1+r 1+r2) 

F j 1 -F + 
(1+r 2) 

F2 + 
1 

F3 = (1+r1+r2 ) (1+r1+r2 ) 0 

F j2 -F 
rl 

F2 + 
1 

~3 = - ( l+r 1 +r 2) (l+r1+r 2) 0 

(Cll) 

Mb M + 
p1 

M2 + 
( p 1 +p2) 

M3 = 
(1+p1+p2) (1+p1+p2) 0 

Mj1 -M 
( 1 +p2) 

M2 + 
1 

M3 = + (1+p1 +p2) ( 1 + p1 + p2) 0 

Mj2 = -Mo - 1 M + 
(1+pl+p2) 2 

1 M 
( 1+p1 +p2) 3 

which, it must be recalled, are applicable relations only if joint separation 

has not occurred. 

For a bolted connection having axial and flexural member displacements, the 

tenn "joint separation" is taken to mean that the internal resisting force ancJ 

moment have both become zero for some fiEmber in the connection. Whfln t.h is con~ 

dition occurs it is clear that the unloaded member cannot transmit forces and 

moments to adjacent member:s (or externa 1 1 oad sources). 

For the joint model under consideration this can mean that Fb and Mb are 

zero (complete separation between bolt and joint), that Fj 1 and Mjl are zero (a 

joint interface completely separates and the bolt supports the external load), 

or that simultaneously Fb, Fj 1 , Mb, and Mj 1 are all zero (a joint region is 

squeezed by external joint loads to such an extent that both bolt and joint 
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interface contact is lost at the ·same time). To illustrate ·these concepts 

observe that when Equatibns (Cll) is applicable, that is when the connection is 
in full and. continuous contact, the equation for bolt force may be expressed in 

the form, 

v1hich is perceived to represent a plane in a space represented by coordinates 
Fb, F2, F3• From the model shown in Figure C.l(a), it is also noted that when 

Fjl = 0, the bolt supports the axial loads F2 and F3 directly so that this 

condition can be expressed 

which ~lso represents a plane in fhe aforementioned coordinate space. Lastly,· 
when the loads reverse in such a fashion that they merely compress the joint 

elements, and the bolt becomes unloaded, this condition is expressed simply by 
Fb = 0, which again can be visualited as a plane in Fb, F2, F3 space. An ·illus

tration of these planes and their inte~sections in this coordinate system is 
presented in Figure C.2 for the purposes of clarifying this concept. It may be 

noted that the wedge-shaped plane portrayed in this figure represents the bolt 
load when no separation has taken place: the conditions for separation are por

trayed in the oblique plane that corresponds to the conditions that Fjl = 0, and 
the horizontal plane corresponding to Fb = 0. The intersection line between the 

oblique and horizontal planes, outside of the wedge apex, represent~ the combin
ation of loading forces F2 and F3 which result in joint separation from the 

squeezing of region "j2" in the joint. 

Figure C.2 is consistent with the results presented earlier for the bolt in 

Figure 2. It will be seen that the characteristic shape of the curve in Figure 
2 is the same as that shOI'In by A-B-C-0 and A'-B'-C'-0' in Figure C.2, where the 

point P (pierce-point in the wedge-shaped plane) is none other than the. bolt 
preload, F 0 • 

The projection of line MN onto the F2, F3 coordinate plane. and line MK 

already lying in that plane, define a v1edge-like region there. The combination 
of values F2 and F3 which plot as coordinate points within this region represent 

the condition of joint continuity (no separation). Conversely, those 
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combinations l'lhich plot as coordinate points outside the '\'ledge" represent the 

conditions for joint separation when only axial effects are present. This is 

illustrated in Figure C.3(a). Since the preceding development for linear 

effects could have been completely duplicated for bending effects (see Equa

tions (Cll)), it is concluded that a wedge region \'lith similar implications 

could be derived for bending effects. If this is done, a portrayal of the type 

illustrated in Figure C.3(b) could be evolved. If the requirement is imposed 

that the numerical scale of the coordinates for both Figures C.3(a) and C.3(b) 

be made identical, it would then be rreaningful to project one on the other to 

get Figure C.3(c). In this last figure the conditions for separation of the 

joint subjected to both effects simultaneously can be illustrated. For example, 

from this figure the shaded regions represent those combinations of either (F2 , 

F3 ) or (M2 , M3) which imply joint separation as previously defined. In addi

tion, this figure also shows the combination of external forces and moments for 

which Equations (Cll) are valid, namely the completely unlined region. This is 

the most practical form to portray the rather complex combination of external 

loading that defines whether or not separation in the elastic system of Fig-

ure C.l occurs, and for which load combination Equations (Cll) are valid. 

2. APPLICATION TO THE LWBR GRID- TO-SUPPORT POST ,JOINT 

A cut-away view of the LWBR grid-to-sup.port post bolted joint appt~ars in 

Figure C.4.(a), showing a ;rember (grid connector foot) clamped in an eccentri

cally loaded joint. Due to this eccentricity the connector foot could rotate 

off its seat if the applied yrid force is high enough, although the maximum 

rotation is limited by a spacer. To be conservative in the assessrnent of this 

joint, the maximum possible rotation of this ;rer.~ber was assumed. This rotation 

was represented in the joint analysis by the addition· of a hinge element to the 

standard nudel of Figure C.l, as sho\'m in Figure C.4.(b). 

Although this hinge element causes a coupling bet;~een axial and rotational 

effects, this coupling can be expressed by a simple relation for 6.9. in terms of 

tlr, vlhich could be treated as an additional constraint (on these parameters) 

without reformulating Equation (C6). To derive this relation, the effect of the 

hinge opening angle on bending rotations of the joint elements v1as analyzed. 

This analysis can be described using the sketches shmo~n in Fig11re C.5. Greatly 

exaggerated for purposes of graphic illustration, Figure C.S.(a) shows the 

displacement of the system as the hinge element is opened. With the long 
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solid-line element in the figure portraying the bolt, the bending rotation, ·cpl), 

accumulated over the length of the bolt, is given by the angular difference in 
tangents from the bolt extremities. By lines drawn perpendicular.to these 
tangent lines through the hinge opening (lines EG and FG in Figure C.S.(a)), it 

is also reasoned that the interior angle EGF must be equal to <Pb· To consider 
the hinge in greater detail, an enlarged view of the hinge is shown in Fig-
ure C.S.(b). In this view a line is'drawn through EF, and a perpendicular to 
this line is drawn through point G. The two right triangl~s thus form~d have 
apex angles a1 and a2, the sum of which is <Pt)· By comparison of Figure c.s. (a) 
and Figure C.5.(b), it is perceived that the relative rotation-of the joint 

members from A to F and E to £3 are tPj 1 and <Pj 2 respectively, and they are as 
indicated in Figure C.S.(b). Since the dashed line terminating at point E is 

given to be parallel to BD, it must also be perpendicular to EG. By a similar 
argument the dashed line terminating at point F is perpendicular to line FG. 

Hence angles <Pj 1 and <Pj 2 are seen to be equal to angles CEG and CFG respec
tively. Summing the angles (measured in radians) of triangle CEF one obtains, 

or 

But since 

<lb = a1 + a2 

the hi n ge an g 1 e , .Pc, i s 

<Pc = <lb - <P j 1 - <P j 2 

which is also the definition for angular mismatch (Equation (C3)). 
Consequently, with <Pc expressed in radians, 

(C12) 

From Figures C.4.(a) and C.4.(b) it is obs~rved that the hinge opening 

force and nnrnent cause a unique hinge angle (or system angular mismatch to be 
developed), provided that the foot rotation has not fully consumed the clear

ance, s. If the foot has moved through this clearance and the spacer has seated 
against the stop, the applied force and moment may be loading the stop in 
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addition to keeping the foot rotated. In this case the developed angular 
mismatch is not a function of the applied loads, instead it is a function of the 

clearante ~, which -for small displacements can be expressed, 

s 6-=cp =-r c q2 

To _obtain 6r for the case when the loaded connector foot has not fully 
rotated through the spacer clearance, take first the sum of 1roments about the 
hinge pivot point (Figure C.4.(b)) to get, 

. q1 Fj2 + Mj2 = -q~ F2 - M2 

By ~ubstituting for Fj 2 and Mj 2 from Equation (C7) one obtains 

- 6 --M -6 [ 1 ·F·. ]·[1. J 
- KJ i .2 . - t H 'l 2 r 

q ...:;.__---"'---:----- + J = 
1 r··.~- · I~- · 

. . 1 1 

where (for this problem), 

I ~i = ~b + ~j1 + ~j2 , I~i = ~b + ~j1 + ~j2 • 

But the mismatches 62 and 6r are related since the hinge opening angle is 

numerically equal to the angular mismatch, thus from Figure C.4.(b) 

so that an expression only in terms of 6r can be obtained. Solving for 6r 
yields the desired equality, which is sumnarized as follows: 

1 l [.1"] s H.""! 
- q I t~ F 2 + I - ·~ ~~~ 

2 . 
. q, 1 

___ .:...._ + -···--

I 1 ·Il ~ .. 1r 
1 . 1 

no contact with stop 

or 

, contact with stop. 
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From· calculations for this joint, it was estimated that the connector foot 
rotations could result in pivot point depressions varying from.0.0009 inch (min. 
preload) to 0.0013 in~h (max. preload), and that the corner deformation for the 

spacer could result in an effective increase of the spacer gap by approximately 
0.0008 inch. Since the maximum allowable clearan~e determined to be present 
after core assembly was 0.0042 inch, it was concluded that a connector foot 
could rotate through an effective clearance of 0.0059 inch (min. preload) to 

0.0063 inch (max. preload). 

The nature of the materia 1 s employed in this joint are su.ch that stress 
relaxation (both thermal and radiation induced) can occur while the bolted joint 

is loaded. To derive the unique relaxation relations pertinent to this joint 
design, a definition of the geometric features of the pivot point were 

required. The idealized configuration, shown in Figure C.6, is assumed to 
define these features. In this figure the joint is presumed to possess a local 
indentation (permanent deformation) left by the corner of the connector foot* as 
it pivots at point C under the influence of the peak joint loads. Upon removal 

of the joint loads, the connector foot is shown in contact with a new pivot 
point, c•, under the assumption that the internal bolt and joint forces dissi

pated in the course of material relaxation are insufficient to fully restore 
seating of the joint. The development of force and moment relations leading to 

this possible final result are outlined in the following steps. 

a. Suppose the initial preload is F0 (no prernoment is present) then by 
application of Equations (C8), (C9), and (Cl3), 

6r 0 

i.l £0 = F I~-u {C16) 
1 

*In this application the foot \'las made of a harder material than the rrember on 
which it pivots. 
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b. Applying the external load, any plastic deformation at the pivot must 

lie in the range 0 ~ opl < ~£O' where hinge angle is ~c in radians. 

Thus, 

~r ~c = (See Equation (Cl2)) 

(C17) 

c. Stress relaxation occurs while the joint loads are acting. Using the 
form of Equation (27) for both linear and angular effects one obtains, 

~r ,R (C18) 

~ .Q,,R 

d. Upon subsequent removal of the joint loads assume* that a hinge angle 

equal to ~·cis attained (Figure C.6), such that ~·c < ~c· Then, 

\, (1-R;) 

L H-
= ·~ 1 - ( <P _ ~I) 

c I ~i _ c c 
(C20) 

> (1-Ri) 

L..J Hi 
\' 1 . 

lJT:-
1 

(C2l) 

\~here the final mismatches ~·r,R and A' £,R may approach zero simul
taneously or be oppositely signed due to unequal net effects in bending 

and extension. 

*If :p' .. = ~c upon removal_of joi~t loads~ Equ~tions (C20) and (C21) \~ill still 
ba va~1d, although the p1vot po1nt requ1red 1n the derivation that follows will 
not be present. 
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e. Let the finally developed "preload" and "premoment" be F0 and M0 

respectively. These loads act on the connector foot as shown in Fig
ure C.6. With external joint loads absent the condition for static 
equilibrium requires that 

Mo + qo Fo = 0* 

where it is understood that <P'c '< <Pc· By applying the definition for r~0 and F0 , 

these parameters are· expressed, 

M = ·o 
~:,.'r,R 

I~-1 

/:,.I .li.,R 
\ l_ . 
LK-1 

Substituting -q0F0 for M0 .in the premoment equation, and utilizing the expres

sion for angular mismatch in Equation (C20), the reduced elastic range of the 
hinge is, 

Substitution of this expression, along with the above expression relating ~:,.'.1/.,R 

to F0 , into Equation (C21) leads to the equality, 

\ (1-Ri) 
L K. 

1 

\ (1-Ri) 
L H. 

1 

*If this assumption does not app~y,_that ~s.if_cp'.c ~-~C' then the joint seats 
flat, M0 = 0, and the force F0 1s 1n equ1l1br1um w1th the net force produced by 
the res1sting contact pressure acting at the joint interface. 
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Solving for F0 , this yields 

Having thus established the magnitude of the residual preload, F0 , the residual 
premoment, M

0
, is computed as follows, 

(C23) 

Ut111zing the definition for angular mismatch, the final hinge angle is solved 
from Equation (C20), which yields the following result: 

(C24) 

The parameters in Equations (C22) and (C23) are as defined in Equa-
tions (C15), (Cl6), (C17) and Figure C.6. It should be noted that the quantity, 
q0 , in Figure C.6 is determined by opl' q1, and $c in accordance with the fol

lowing relation: 

(C25) 

In the preceding paragraphs all the individual features of interest in this 
joint analysis have been discussed, and derivations of important results have 
been provided where needed. Putting all these results together, the analysis 

performed for this joint will be briefly described. 

Using the relations presented in Figure C.7, the axial and rotational 
stiffness of the bolt and .ioi nt rrembers werP. computed nt. room and design oper

ating temperatures. A conservative range of assembly coefficients were then 
selected from the test results obtained for this bolted joint (as presented in 

Section III). Given that an assembly torque of 13.5 lb-in is attained, the max
imum and minimum preloads were calculated for the joint at the a~sembly tempera
ture. With the computed bolt and joint st iffnesses, the system flexibility was 
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detefmined and the liner mismatches corresponding to the range of prel~ads were 

computed. Assumfng t~e residual torque to be one half the applied value (see 

Section II.B.2.c.), an assessment of the stresses and stress intensities was 

made. A summary of calculated results is shown in Table C.l for the grid-to

support post joint·illustrated in Figure C.4~ 

To account for the consequence of elevating joint temperature to the design 

condition,· and the consequ·ences ·produced by hinge 1 oadi ng and 11 end-of-l ife 11 

stress relaxation, ·the following general procedure was employed. Considering 

the chronological order in which events and effects were expected to develop, 

the analysis started with th~ effect of the temperature change. From the deter

mination of material thermal expansion, the correct mismatche~ at op~rating tem

perature were computed along with the corresponding adjusted preloads. Using 

the available geometric information about the system configuration and the mag

nitude of the external hinge loads, the appropriate angular and linear mis

matches were computed for the joint under 1 oad. From these mismatches, the 

moments and forces acting at critical regions in the bolted joint were deter

mined. Since these were computed prior to relaxation of the joint, the stresses 

calculated from this loading represented the highest joint stresses. These 

stresses v1ere required to satisfy the allowable design limits. 

The next phase was consideration of the various effects of stress relaxa

tion. Here the minimum load aspect of the analysis was generally the rnost mean

ingful in ans1-1ering 1-1hether or not joint tightness had become questionable 

because of preload loss. In the type of joint considered in this appendix, par

ticular attention was paid to the relaxation developed under load, since exces

sive loss in elas::ic mismatch can cause the joint to become loose v1hen the 

Pxt.Prnal lonrlc:; nrP. rP.movPrl. 

The two calculational phases just discussed for the grid-to-support post 

bolted joint are summarized in Table C.2. These calculations show an inter

esting result. Comparing Items 4 and 5 in the tabulated summary, it is seen for 

the 11 rninimum loadll part of the analysis that a drop in preload occurs v1hen the 

external loads on the hinge are removed, which is to be expected. Hence, upon 

removal of the hinge 1 oads, the connector foot pi vats out of the indentation 

since it will seek the lower preload state. But, as shown in the table, the 

value of cp~ is greater than zero, therefore the joint will not fully reseat. 
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For the "maximum load" part of the analysis the reverse situation exists. 

Here a greater load is indicated when the connector foot tends to pivot out of 

the indentation. (Note that a negative value is computed for the q0 dimension 

of the indentation. See Item 3 in Table C.2.) Since the elastic system will 

seek its lowest load state upon removal of the hinge loads, movement >'~ill not 

occur ar)d the connector foot will remain fully "cocked" into the indentation. 

The preceding results show the necessity for carefully conducting the anal

ysis of a complex joint since many elastic and plastic effects may be operative, 

and the order in which they occur, sequentially or simultaneously, can be quite 

important in the final result. (Consider the unloaded hinge state portrayed in 

Item 6 of Table C.2, for which no "cocking" of the connector foot is irnp'lied, 

yet comparable "end-of-1 ife" pre loads are developed.) 
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Figure C.4. Idealization of Blanket Grid Joint 
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Figure C.S. Relation Between Hinge Angle and Flexural Rotation 
of Bolted Joint Elements 
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Figure C.6. Pivot Point Detail 
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Table C.1. Loads and Stresses at 70°F 

1. Joint Assembly 

Assembly Torque, Tmax (lb-in) 
Assembly Coef, C* 
Preload, F0 (lb-in) 

2. Linear Flexibility 

E 1/Ki, Eq. (C13), (in/lb) 

3. Initial Linear Mismatch 

!\,q,o• Eq. (C8), (in) 

4. Stresses at Min. Diam. (Shank) 

D min 
Residual Torque, Tr (lb-in) 
Membrane Stress, crm (psi) 
Torsional Shear Stress, T (psi) 

Max. Stress Intensity, Smax (psi) 
Ave. Stress Intensity per.Eq. (44), S (psi) 

r~inimum Load 

13.5 

0.16 
514. 

3.69 X 10-6 

1.90 X 10- 3 

*For illustrative purposes the values listed in Tabl~ 2 were used. 

108 

:~aximum Load 

13.5 

0.11 

743. 

3.69 X 10- 6 

2.196 X 10- 3 

0.120 

6.75 
66,100. 

19,900. 
77,200. 

71 ,800. 

' ' ' 



Table C.2 Loads and Stresses at 600°F 

1. Angular and Linear Flexibility 

r 1/Hi, Eq. {C13), (rad./lb-in) 

r (1-Ri)/Hi, EOL Relaxation (rad./lb-in) 
r 1/Ki' Eq. (C13), (in/lb) 

• 
r {1-Ri)/Ki, EOL Relaxation, (in/lb) 

2. Initial Condition (no hinge load) 

Thermal Expansion: (Jb - )j) (600°-70°) 
t1w, Eq. (24), (in) 
F0 , Eq. {C8), {lb) 

3. Hinge Loaded (No Relaxation) 

. a. Loads and Mismatches 

q1, Figure C.4{b), (in) 

q2, Figure C. 4 (b) , (in) 
Spacer Gap (in) 
Spacer Deformation (in) 

Pivot Deformation, op1 (in) 
Effective Gap, s (in) 

~c· Hinge Angle (rad.) 
t1r, Eq. (C15) (rad.) 
q0 , Eq. (C22) (in) 
6, Eq. (C17) {iri) 
M0 , Eq. (C9) {lb-in) 

F 0 , E q. ( C8 ) , ( 1 b) 

b. Stresses at Min. Diam. (Shank) 

D min 
R P. s i dll a 1 Torque, T r, ( 1 b- i n) 

Membrane Stress, OM• (psi) 
r~ax. Bend. Stress, cr8, (psi) 

Torsional Shear Stress, T (psi) 
Max. Stress Intens., Smax (psi) 
Ave. Intens., Eq. (A8), S (psi) 

Minimum Load 

2.44 . .X 10-3 

6.70 X 10-4 

4.26 X 10-6 

9. 99 X 10~ 7 

o.19 x w-3 

1. 71 X 10-3 

401. 

0.090 
0.470 

4.2 X 10- 3 

0.8 X 10- 3 

0.9 X 10-3 
5.9 X 10-3 

1.26 X 10-2 
1.26 X 10-2 

0.0186 
1.94 X 10-3 

5.16 

455. 

0.120 
5.85 

40,200. 
30,400. 

17,200. 
78,500. 

46,900. 

WAPD-TM-1349 

Maximum Load 

2.44 X 10-3 

6.70 X 10-4 

4.26 X 10-6 

9. 99 X 10-7 

0.19 X 10-3 
2.77 x·10- 3 

650. 

0.090 
0.470 

4.2 X 10-3 

0.8 X 10-3 

1.3 X 10-3 

6.3 X 10-3 

1.34 X 10-2 

1.34 X 10-2 

-0.007 
2.68 X 10-3 

5.49 

629. 

0.120 
5.85 

55,600. 
32,400. 

17,200. 
94,500. 

60,700. 
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Table C.2. (Cont) 

4. Hinge Loaded (EOL Relaxation) 

t!r:R' Eq. (Cl8), (rad~) 

t!,R' Eq. (C19), (in) 

M
0

, Eq. ( C9) , ( 1 b-in) 

F 0 • E q. ( CB) , ( 1 b) 

5. Hinge Unloaded (EOL Relaxation) 

G. 

110 

· (Assumes pivoting at distance q0 
per Figure C.9. ·See values in ::s.a 
of this table.) 

Fo, Eq. ( c 22) , ( 1 b) 

~10, E4. ( C23), (lb-1n) 

<Pc, Eq. (C24), ( rad. ) 

No Hi r1~e Luad Throughout Core Life 
{EOL Relaxation) 

t! R., Eq. (27), (in) 

Fa, Eq• ( CB), ( 1 b) 

Minimum Load 

3.46 X 10-3 

5.01 X 10-4 

1.42. 

118. 

85.6 

-1.59 

5.26 X 10-3 

4.01 X 10- 4 

94.1 

Maximum Load 

3.68 X 10-3 

6. 76 X 10-4 

1.51 

159. 

160.2 

1.12 

1.25 X 10- 2 

6.50 X 10- 4 

152.5 



APPENDIX D 

AN ENGINEERING ANALYSIS OF TIME INDEPENDENT PLASTIC 
·DEFORMATION ON BOLT AND JOINT FORCES 
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Situations arise in some bolted joint applications where time independent 

material plasticity effects reduce the preload attainable from a given mis
match. For example, suppose an assembled bolt and joint fabricated of the same 

material are tightened to a very high preload and then heated. If all the 
deformation during assembly was elastic and remained that way during heatup, 

then there would be only a slight reduction in preload due to the change in 
elastic modulus. Hov1ever, since the material yield strength can also change 

with temperature (usually at a faster rate than the elastic modulus) the ele
vated temperature preload, if plastic .deformation takes place, could actually be 

lower than the value computed on a linear-elastic basis. This additional pre
load reduction is attributed to the lost "mismatch" (Section II.A.l) caused by 
the plastic deformation (Figure 0.1). If several materials had been employed in 
this bolted joint, thermal expansion effects could also contribute to the 

plastic deformation that might occur (assuming the joint design had not been 
compensated for such effects). Thus, it is perceived that unless judicious 

design choices are made, plastic deformationcan readily occur in bolted joints. 

While most joints are designed to avoid plastic deformation for design 

operating loads and temperature ranges, it is conceivable that an assessment for 
the consequence of plastic deformation may be required for exceptional operating 
or accident conditions. To perform such assessments the following engineering 
analysis was developed. 

l~ithout presently defining the test or analysis required to. generate 
appropriate force-displacement curves for the bolt and the composite joint, let 
it be supposed such curves have been obtained and are as illustrated in.Fig
ure D.2 (curve o-a-c for the bolt and o-a•-c• for the joint). As seen in this 
figure, both elastic and plastic responses for each region are portrayed, where 
Kb and Kj are the linear-elastic stiffness of the bolt and joint regions 
respectively. 

Points i and i' in Figure D.2 represent the initial forces and displace
ments based on linear elastic calculations alone. Since these points are not on 

the respective curves they represent incompatible combinations of forces and 
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displacement. The objective is to find points on the curves \'lhich also satisfy 

both the static equilibrium of internal joint forces and the compatibility of 

joint displacements. Initially, let it be assumed that the points f and f' in 

Figure 0.2 represent joint forces and displacements after plastic deformation 

has occurred. From Figure 0.1 the final joint mismatch must be, 

6.f = 6. . - ( 0 b - 0 . ) 
. 1 P JP (01) 

where 6.i is the initial mismatch corresponding to the totally elastic initial 

calculation, and 6.f is the residual elastic mismatch after plastic deformation 

has tak~n place.· From the definition of mismatch (Equation (3), Section II.A.1) 

it is seen in Figure 0.2 that, 

nr 
(02) 

so that by substitution of Equation (02) into Equation (01} one obtains 

(03} 

which is the condition that must be satisfied after plastic_ deformation has 

taken place. Frorn Figure 0.2, as drawn, Equation (03} has not been satisfied by 

the initial positions f and f'. Accordingly, adjustments must be made through 

calculational iterations until a valid combination of ohf and ojf are determined 

·which satisfy Equation (03} to some predetermined level of precision. An effi

cient calculational sequence to achieve this objective is as follows: 

1. Choose some (reasonable} point f' that corresponds to the joint 

··coordinates of a graph simil~r to Figure 8.2~ namely (ojf~ Fjf). 

2. Assuming the possibility of an external working load, W, acting under 

the bolt head with the joint and bolt still in contact, one obtains by 

application of Equation (10)*, 

6. = - IJ- + .!_] FJ.f + .!_ w 
f LKb Kj Kb 

*With the working force acting under the bolt head, there is no elastic Region 
j2. See Figure 1. 
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3. With this. value of t.f, by applying -Equation (9) to the joint under 

consideration the bolt force is ·given by 

1 
t.f + r w 

:;;: 

[~b + ~jj 
4. For this bolt force the point f is located on the bolt curve and 6bf is 

read off. Subtracting the values 6jf from Step 1, the following check 
is made: 

If this equality is satisfied the procedure is stopped: if it is not 
satisfied another point f• is judiciously selected and the calcula

tional sequence from Steps 1 through 4 is repeated. 

Note that if the presence of a joint working force is not physically 
applicable during the plastic deformation process, then Steps 2 and 3 may be 

·entirely omitted since 

where Pf is the bolt preload, and hence the iteration process of Steps 1 and 4 

may be performed directly on Figure 8.2 without the need of calculations. 

In the foregoing procedure~ the availability of appropriate load
displacement curves were assumed without justification. In practice these would 
have to be obtained from an-experiment. However, if stresses in the bolt and 

joint regions are uniformly distributed over individual region lengths, and 
stress/strain relations are available from both tension and compression tests, a 

valid load-displacement curve can sometimes be generated by calculational pro
cedures alone. But sound judgment must be exercised in generating this curve, 
to assure that the experimental data supporting this curve are compatible with 
the manner and sequence of loading for the bolted joint being analyzed. For 

example, if a joint in its design application was plastically deformed during 
cold tightening and then underwent further plastic deformation upon heatup, a 

hot load material test without prior plastic deformation would lead to a 
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characteristic curve that might be inconsistent with the intended application. 

It would be prudent, in this case, to induce the expected initial cold plastic 

. set before the hot load-displacement test is performed. 
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APPEND IX E 

ASSESSING MATERIAL STRESS RELAXATION WHEN 
TOTAL STRAINS DO NOT REMAIN CONSTANT 

WAPD-TM-1349 

In a standard stress relaxation test the specimen is elastically ·strained 

and held fixed in the test environment for an exposure time of interest. The 
test environment causes a fractional loss in elastic strain without changing the 

total strain distribution originally present. Thus a conversion of elastic to 
non-recoverable plastic strain occurs throughout the specimen, with a corre
sponding reduction in local stresses being the result. 

A reduction in stresses may also develop in cases of material relaxation 
where the total strain distribution in the body is not held fixed, however this 
reduction cannot be directly deduced from a standard stress relaxation test. 
The purpose of this appendix is to pro vi de a procedure for the computation of 
relaxation factors that are appropriate when the total strain varies during the 

relaxation period. Results obtained from a standard relaxation test are assumed 
to be available for the performance of this calculation. In the following 

derivation of this procedure, the integrated quantities of "force" a_nd "dis
placement" shall be used in place of the cor·responding local quantities of 
"stress" and "strain." This shall be done to relate the derived results to the 
specific interest of material relaxation in a bolted joint. 

1. "Specific" Relaxation Factor: Defined and Derived 

For a linear elastic body under uniaxial loading, the applied force and its 
consequent displacement are simply related by the equality, 

(El) 

where K represents the elastic stiffness of the body, F(z) and oe(z) represent 
the force and displacement respectively, and z represents the independent vari

able for time or exposure level. 

If plastic deformation occurs, the elastic displacement rema1n1ng in the 
direction of loading will be less than the total displacement of the body. This 
is expressed, 

(E2) 
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where ot(z) and op(z) are the total displacement and "plastic displacement" 

respectively. When z = 0 it is assumed that op{O) = 0, hence oe(O) = ot{O). 
Therefore the plastic displacement considered in this derivation is due solely 

to the elastic-to-plastic conversion process associated with stress relaxa
tion. Purther, since Equation (El) is always applicable, the elastic restrain

ing force is reduced along with the elastic displacement~ This reduction, 
expressed in fractional form, is 

(E3) 

where the influence of the .fractional plastic deformation is clearly dtsplayed 
in the second· term.- For. convenience, this tenn in Equation (E3) will bP. cnlled 
the "specific" .relaxation factor and shall be defined by the following equality: 

0 ( z) 
p(z) = t[oT 

t 
(E4) 

The word "specific" is used here as a reminder that p(z) is uniquely 
related to the functional form of ot(z). Thus this is a relaxation factor 
directly linked to the manner in which.the total strain varies during the relax
ation process. To establish this correspondence it shall be assumed that the 
rate of increase in plastic displacement is directly proportional to the elastic 

displacement present. Consequently, 

{E5) 

~1here "A" is the rate controlling constant for the process. This particular 
relationship is both simple and physically plausible. While relationships of 
greater complexity may be experimentally more precise than Equation {E5), it is 
believed that iquation (E5) can provide a close approximation of the actual 
relaxation behavior experienced with a variety of materials under circumstances 
of practical int~r~~t. 
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Substituting Equation (E2) into Equation (E5), and normalizing all dis
placements by the initial total displacement, 6t{O), the following governing 
differential equation for the specific relaxation factor is obtainP.d: 

where p ( 0) = 0 • 

d p(z) + A p(Z) 
dz {E6) 

If the quantity "A" is assumed to be constant over the range of applicabil
ity of the variable, z, Equation (E6) becomes a linear differential equation 

with constant coefficients. Therefore, the general solution for p(z) can either 
be expressed operationally (as in Laplace transforms) by, 

(E7) 

where "s" is the differentiation operator and the braced expressions indicate 
transforms of functions. Equivalently, p(z) can be expressed by the convolution 
integra 1 , 

z 
p(z) = f (E8) 

0 

where w is the durrvny va ri ab 1 e used to carry out the integration. In both Equa

tions (E7) and (E8) the form of the total displacement function is assumed to 
satisfy the usual analytic requirements for an integrable function. 

A particularly simple, yet useful solution for p(x) results from considera

tion of a standard relaxation test. As has been previously stated, the identi
fying character of this test is that the total displacmeent (or lllOr'·e precisely, 
total strain) remains constant. 

Since the standard test has this. unique feature, and is the type test that 
will usually be performed to establish the stress relaxation behavior of a mate
rial, another symbol shall be used for the ·relaxation factor obtained from this 

test. This factor and the corresponding fractional total strain function for 
the standard test are defined by the following: 

p(z) =. R

1

. (z)_}· 
ot(z) 
~= 

Standard Test {E9) 
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Solving Equation (E7) (or (EB))for the specific total strain function presented 

in Equation (E9)·, one obtains, 

R(z) = 1 - e-Az (ElO) 

For several other cases of common interest, the solution of Equation (E7) 

(or (EB)) has also been carried out. These solutions are based on general 

linear or exponential forms for the fractional total stain function, 6t(z)/6t(O) 

and they are summarized-for reference in Table E.l. Figure E1 has been J.Jrepared 

to illustrate the nature of these solutions graphically. 

2. Generalization of the Independent Variable, z 

The preceding derivation was based on the independent variable, z, being a 

measure of "exposure". If this measure was simply time, then the rates previ

ously discwssed would he time rates. Hnwcvcr nothi11g in tht: uerivat1M f)re" 

sented necessarily limits one to this restricted interpretation. All that is 

really required is that the governing equation, Equation (E6), be valid for the 

exposure level, z, however that variable is defined. 

To appreciate the significance of a nure general interpretation of z than 

merely "time" (or something directly proportional to it) consider the type of 

material relaxation that can take place ~·lithin a nuclear reactor. In this 

environment high fractional relaxation levels can be attained at relatively low 

stresses, in sharp contrast to thermally activated relaxation processes. The 

nuclear parameter that this fohn of relaxation appears to be a f1mction of is 

the fast neutron fluence. which is defined as the "area" under a neutron flux 

vs. time curve over a time span of interest. The flux apparently responsible 

for this effect has been determined to be the total flux of neutrons with 

spectral energies in excess of 1.0 MEV (million elec~ron volts). Bf!C:nllc;e of the 

un1ts that neutron fluxes are commonly expressed in, the quantity defined as a 
fluence 1s typically expressed in units of neutrons pe-r square centimeter. 

Portrayals of experimentally determined fractional relaxation factors as a 

function of fltlf'nce have been approximated by many functional forms. One of 

these functions, l'ihich has been found to be particularly useful in empirically 

fitting relaxation data, is 

R(F) (Ell) 
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where the symbol ,1represents the fl uence 1 evel and the parameters "A" and "B" 

are curve fitting constants. If the variable z is defined by the'equality, 

z =]B 

Equation (Ell) is perceived to be identical to _Equation (ElO). Thereby Equa
tion (E6) may be regarded (if only approximately) as the supporting differential 

equation for the standard relaxation (constant ·total displacement) test. It is 
the premise of this presentation, for reasons discussed in the preceding sec

tion, that the differential equation developed in this manner will also be 
applicable to situations that allm'l the total displacement to vary during the 

relaxation process. In this way, a generalization of the physical significance 
of z has extended the scope of application for the relatively simple 

differential equation, Equation (E6). 

From a mathematical point of view, the possibility of redefining z to be a 
function of a physical variable may be regarded as a "coordinate transformation" 
of the independent variable that dominates the relaxation process. The change 
of coord.inate that is chosen is one that allows the governing differential e·qua
tion to take on a simple form (e.g., Equation (E6)). It should be cautioned, 
however, that once a change is adopted, the total displacement funct1on must 
also be expressed in terms of the redefined variable, z, to compute specific 

relaxation factors in accordance with Equations (E7) or (E8). 

3. Outline for Computation of Specific Relaxation Factors 

To compute the specific relaxation factors wh~n the total displacement 
varies in a particular fashion during the el·astic-to-plastic conversion process, 
the following procedure is recommended. 

a. Obtain the best fit to a standard relaxation test with the .genera1 fo.rm 
given in Equation (E10). From this data fit assign a magnitude to the 

rate controlling parameter, A. Define z, noting that it could be . 
expressed as a function of the independent test variable (see example 
discussed in Section 2). 

b. Prepare a graph for fractional change in total displacement relative to 

the variable z. If desired, an analytical approximation to the graph 
may then be obtained for the functional form of (ot(z)/ot(O)). 
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c. Solve for the specific relaxation factor, p(z), and evaluate factors 
for values of z which are of interest. Use Equations (E7) or (E8) as 
required to evaluate p(z) by some convenient means, either analytically 
or graphically. 

With the relaxation factors thus determined, load changes caused by the 
relaxation process can then be computed using Equation' (E.3), noting the defini
tion of p(z) in Equation {E4). Thus, 

4. Formulation For Stress Relaxation In Bolted Joints 

Since a bolted connection consists of at least two regions (e.g., bolt 
region, j.oint region(s)), it is advantageous to modify the s.vmbols used in the 

preceding sections in order to keep subscripts from becoming too cumbersome. 
The modifications shall be as follows: let the unprimed symbol, o(z), represent 

the total (elastic + plastic) displacement in a region, and let the primed 
symbol, o'(z), represent the residual elastic displacement in a region. Then 

Equation (E2) may be expressed in the following manner~ 

o'(z) = {IJi{z)- p(z)) o{O) (E12) 

where the variables IJi{z) and-p(z) are defined, 

. o(li 6 (L) 
~)( z ) • T(O} , p ( z ) - "ito) . 

These displacements and their corresponding mismatch, fl, are illustrated for a 
simple two-region .connection in Figure E2. 

The complete set of residual elastic displacements present at one time for 
all regions are both necessary and sufficient to uniquely characterize the 
region forc~s present at that time.· Consequently, for the basic bolted joint 
illustrated in Figure 1, the conditions for static equilibrium and mismatch may 
be stated in terms of the residual elastic displacements in exactly the same 
fashion that it was presented in Section II.A.l of the main body of this 
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report. · D'oing this for the basic bolted joint ·model (Figure 1), one ·obtains the 

following ~et of equations which are similar to Eq~ation (5) in Section II.A.1. 

Thus, 

1 -1 -1 (lib._ pb) ~b(o) b.' 

Kb Q. K.2 . J • ( ljlj 1 p j 1) oj 1 (o) 0 ( El3) 

0 Kj 1 . -Kj2 . ( ljlj2 - Pj2) oj 2 (o) w 

where it is understood in this application that b.', W, and all the parameters 1jJ 

and pare, in general, functions of a common exposure varfable, z. Proceeding 

formally in the mann.er discussed in Section II.A.1, the residual elastic dis

placements determined by solving Equation (El3) may be expressed in the follow

; ng manner: 

where 

(lib - pb) ob(o) = ~b [P' + cjl W] 

(1jij1 Pj1) oj1(o) =- ~j1 [P' 

- -
1

- [P' + CJ.l W] 
K.2 J . 

is the resi·dual elastic preload and where the multiplicative facto·rs are, 

1 
Kb 

1 
Kj1 

1 
K.2 c = J 

j2 [..!__ + _1_ + _1_] 
Kb Kj1 Kj2 

(El4) 

(El5) 

(E16) 

The factors defined by Equation (El6) shall be referred to as the elastic redis

t ri but ion factors for the external 1 oad, and as defined in Equation ( E16) they 

apply specifically to the basic joint roodel portrayed in Figure 1. Naturally, 

any fundamental alteration of the model that changes the defining relationships 

portrayed in Equation (E13) will result in corresponding ioodifications to Equa

tions (E14) and (El6). The overall scherrE of the analysis will not have been 
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affected by this change, only the specific form of certain terms will have been 

modified. However, the specific form of Equation (E15) will always remain 

unchanged except for the number of factors present in the denominator. 

Equation (E14) provides a condition that must be continuously satisfied by 

the term (~- p) for each region. The general form for this condition becomes 

clearer if one recalls that the initial region forces are given by 

(Ell) 

Since the joint forces are compressive, hence negatively signed, the absolute 

values of the initial joint forces are expressed by -Fj 1(o) and -F.i 2(o) 

respectively. Consequently Equation (E14) may also be expressed, 

( ~ - pb) = 
P' 

+ cjl 
w 

IFh(n) I IFh(n) I 

(~j1- Pjl) 
p• 

+ (-Cb -Cj2) 
w (E18) = 

IFjl(n)l 1Fj2(n)l 

( ~j2 - Pj2) = P' 
+ cjl 

w 
1Fj2(o)l 1Fj2(o)l 

where the equality applicable to each region is seen to be in the general form, 

P' W ( ~ - p) = ---'-- + c _ _:_:____ (E19) 
IF(o)l IF ( 0) I 

Another condition that the bolted joint must satisfy, is provided by the 

relation between the residual elastic displacements and the residual elastic 

mismatch. This relation, which is a statement of the definition of mismatch 

(Equation (3) in Section II.A.1), is given by the fi.rst row of the matrix repre

sented in Equation (E13). Taking this relation and dividing by the initial mis

match, A0 , one obtains, 

Since the effect of plastic deformation caused by relaxation is portrayed by the 

parameter p, the consequence of not subtracting this quantity in each ( ljJ - p) 

term is to express the mismatch portrayed by the total displacements of each 

region. Examination of the two-region model in Figure E2 shows that this 
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interpretation is correct. Hence, for the basic model and Equation.(E20) it is 
seen that the ratio of the tot a 1 mi smat.ch to the i nit i a 1 mismatch is given by 

the relation, 

(E21) 

For the basic bolted joint model, Equations (E18) and (E21) must ah1ays be 
satisfied. 

It is worth noting that some rather important simplifications arise as a 
consequence of letting W = o. This is, in fact, the situation that usually 
exists when the relaxation of bolted joints are evaluated. In this situation 

Equation (E21) continues to be valid as shown. But for Equation (E18) we have 
that 

so that one obtains in this case, 

(E22) 

Also as a consequence of W = o, it is observed from Equations (E12), and (E14) 
to (E16) that 

ob(o) ob' o. 1(o) o~ 1 o.2(o) o~ 1 ~o = t;r = cb' J~o .=-if!.=- cj1' J~o =-if!.=- cj2 

In this case, Equation (E20) takes the form 

which is identical to Equation (28) in Section II.A.3 when the conditions for a 
standard relaxation test are·applicable (i.e., Wi = 1.0, Pi = Ri, i =.region 
index number). 

Making use of Equation (E19) is exceedingly awkward since 1j1 is the instan
taneous value of the remaining fraction of the original total displacement, 
whereas p is obtained from an integration involving the instantaneous value of w 
and all preceding values (see Equations (E8) and (E12)). This difficulty can be 
overcome if one makes the assumption that p can be suitably obtained from one of 
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the·cases presented i~ Table 1. Taking an exponential variation of •(z) with 
respect to z as being the ·mcist.generally applicable form, • and pare expressed. 

-nz = ~ (n-nz _ e-Az) • :..: e , P "' A-n 
.. 

However, noting that the parameter "nz" can be expressed 

nz = -,t..,. • 

the specific relaxation factor may be written 

where, upon noting that 

if one defines, 

= Az w - Ai e -Az · 
P ,t..,.l)J + Az 

-Az 
l; = e -

then the specific relaxation factor is expressed, 

With p expressed in this fashion, (•- p) may be written, 

(l)J- p) = _U_~ 1j)-' i--n.d ---r £.,z. • - ~~- d 

(E24) 

(E25) 

Equations (E24) and (E25), evaluated over a range of values for • and ~. are 
presented in graphical form in Figures (E3) and (E4) respectively. With the 
values of the functions p and (•- p) available in this form, an analysis of 
relaxation in a bolted joint becomes practical. The general scheme is as 
fulluws: 
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.(1) .Determine elastic s~iffnesses. Compute-Ci and the initial values ~0 , 

Pri, 6;(o) and F;(o) for all i regions~ Use Equations (E14) throug~ 

(E16) as they apply to the initial state of the joint. 
(2) From standa~d relaxation data for each region, i, determine A;, and Bi 

or ariy other appropr1ate fitting constants (see discusion in 
se"d ion 2). 

(3) Determine times in the relaxation history that are of interest. For 
.. 

each time determine the va 1 ues of tJ. and W. Also determine the 
cor~es~ondin~ val~e~ of z for each region, i, (the discussion in 
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Section· 2 of this appendix can provide guidance). Also for e~A~z. 
region and each time in the relaxation history compute l;i = e 1 1 

\ 

(4) For each time in history guess a possible value for P'. Compute 
region values of P'/IF(o)l + C W/IF(o)! (.refer to Equation (E18) for 
specifics). If W = o, only a guess for P'/P0 is required. 

(5) Using Figure E4 determine the corresponding values of Wi for each 
region. 

(6) With these values of Wi check that Equation (E21) is satisfied (t6 
some preselected level of precision). If this equality is not satis

fied, repeat Steps (4), (5), and (6) with another guess for P'. This 
process is stopped when Equation (E21) is satisfied for each time to 

be considered in the bolt relaxation history. 

Using the steps just outlined, the fractional changes in the initial pre
load are determined throughout the relaxation period. If desired, the magni
tudes of the specific relaxation factors in any member may also be established 
by using the final values of Wi in Figure E3. Before demonstrating ~his pro

cedure with an example problem (which shall be presented in the section that 
follows), some general ideas shall be developed about the locus of points 
representing a relaxation history in Figure E4. 

Consider a two-region bolted joint (a bolt and one joint region) which is 
preloaded. For simplicity, it shall be assumed that W = o. At the start of the 
relaxation period it is noted that P'/P0 = 1 (no relaxation or elastic load 
changes from the initial state has taken place), and initially 1Jb = IJij = 1 since 
z = 0. Throughout the relaxation process it shall be assumed that 6/60 = 1 so 
that according to Equations (E16) and (E21) the following equalities are 
required Lube cont"inuously satisfied: 

(E26) 

With these requirements a variety of possible cases can be analyzed for the 
characteristic history loci that may be drawn on Figure E4 to satisfy Equa
tions (E22) and (E23). For the first case consider the joint behavior when 
material relaxation only occurs in the bolt. This situation is portrayed in 

Figure E5(a), where initially both the bolt and joint regions start a.t the. 
point 0. Since the joint is presumed to be non-relaxing, (e.g., Pj = 0 and 
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consequently Wj = P'/P
0
).the locus of points portraying this condition is the 

line corresponding to~;;= 1. For a given reduction in preload this is indicated 

by the line OJ. However, if the locus of points relating Wj to P'/P0 is a 

straight ·line, it will be found that the corresponding locus for the bolt must 

also be a straight line in order to satisfy Equation (E26). The particular 

straight·line applicable to this case is shown in Figure E5(a) by the line 

segment OB. 

If the role of the joint and bolt are reversed, such that the bolt remains 

elastic (e.g., Pb = 0 and wb = P'/P
0

) and relaxation takes place in the joint, 

the situation portrayed in Figure E5(b) then applies. As shown, the bolt lor.us 

is given by the line OB, and that for the joint, by the line OJ. 

Figure E5(c) shows the situation that occurs when both regions relax the 

same amount throuqhout their relaxation history. Tn t.hi" cr~c::e, Equation (E22) 

requires that Wb,;, Wj so that the only locus permitted by Equation (E26) is Wj = 

Wb = 1. Thus the loci OB and OJ are coincident in this case. It should be 

noted from the definition of w (Equation (E12)), that this is the condition 

where total displacements (and hence strains) remain constant during material 

relaxation. Hence the appropriate relaxation factors, in this case, are the 

standard relaxation factors. In this case Equation (E20) takes the form shown 

in Equation (27) of Section II.A.3, \'/here the factors, R, are the same for 'all 

regions. 

It will be recalled that Equation (28) \'/as not limiterl to a common value of 

R fur all regions. It was assumed however, in Section II.A.3, that the total 

displacements do not change in the course of the relaxation process. But as 

seen in the cases just considered, and also Equation (E26). this is not pos

sible. That is the reason wh.v it was stated in Section IT .A.3 that the 

assumption of constant total di sp 1 a cement could be satisfied approximate l.Y if 

either the relaxation levels were relatively small in all participating members 

of the joint or if the relaxation levels in all regions were not "too dis

simildr'' •. In these cases, the loci 0~ and UJ are expected to remain close to 

the 1jJ = 1 line, thereby making departures from the theoretically exact result in 

Figure E5(c) relatively unimportant. 

To illustrate the type of loci that could be obtained under rliore realistic 

circumstances~ it will be instructive to consider the situation where both bolt 

and joint relax at different rates. Suppose the nature of the materials are 
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such that the joint relaxes rapidly at first and then slows down, just as the 
rate of relaxation in the bolt begins to increase dramatically. Keeping in mind 
that Equation~ (E22), (E23) and (E26) must be continuously satisifed, the curved 
loci illustrated in Figure E5(d) could be developed. It is noted that when the 

rates of relaxation are very high the locus of the relaxation history tends to 
be perpendicular to the lines of constant , levels. As the rate slows down, the 
locus tends to· become parallel to lines of constant z:;. Since the loci are not 
independent, the path of one locus influences the other. When the net rela·xa

tion levels become the same, the two loci intersect. In this case they inter
sect at ~j = ~b = ·1 because ~/~0 = 1 (recall that Equation (E~1) was used to 
obtain Equation (E26)). As a consequence of this response character, if the two 
loci are fairly "close" to the~= 1 line, then the use of Equation (28) as 

-
presented in Section II.A.3 is justifiable. However if the departure from the 
~ = 1 line is considered to be ·too great, a reasonable estimate of the reduced 
preload cannot be found by using Equation (28). The example problem in the next 
section will demonstrate the type of calculation that must be performed when 
Equation (28) may not be appropriate to use. 

5. Application To A Bolted Joint 

Figure E6(a) shows a simple bolted joint with one bolt and one clamped 
region. The data provided in this illustration shall be used to determine the 

elastic stiffness of the two regions and the stress relaxation characteristics 
of their corresponding materials. If it is required that the joint be initially 

tightened to a torque of 120 lb-in, and testing has shown that an assembly coef
ficient of 0.165 is appropriate for this connection, then an initial preload may 
be c;alculated. As shown in Table E2, this preload is 2910 lbs. The initial 
mismatch corresponding to this preload, which is 3.69 mils, is also shown in 
this table. 

The objective of this analysis, obviously, is to demonstrate the behavior 
of t~e joint as stress relaxation occurs.' However to explore a variety of prac-

, 
t i ca 1 cons ide rations, two joint <;ondi t ions and two methods of ana l.Yses will be 
examined. The first joint condition to be considered is characterized by the 

total mismatch, ~, remaining constant during the relaxation process for a joint 
supporting no external force. For this case the calculations will be performed 

using both the conventional method of analysis (which was presented in Sec
tion II.A.3) and the method of analysis developed in this appendix. The.second 
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joint condition considered will be characterized by a linearly decreasing total 
mismatch during the relaxation process. This can occur if there is a slow and 

steady thermal contraction of the joint that exceeds the contraction of the 
bolt, or if a similarly slow thermal expansion of the bolt occurs that exceeds 

the expansion of the joint. Another process which could produce a similar 
effect on the joint is by directional expansions or cont_ractions in the members 

of the bolted joint due to non-thermal causes such as radiation induced growth, 
hygroscopic swelling (as in some plastics) and metallurgical phase changes •. 

Whatever the· underlying· process may be, it shall be assumed for the examp 1 e 
problem that the stress-free· thickness of the clamped member reduces linearly 

with increasing exposure level, y. The calculation for this case will be per
formed only by the methods derived in this appendix. 

Th·e results of all calculations performed are summarized in Table E2. The 
relations used are indicated in this table, as well as the sequence used to 

iteratively apply the analytical method develop in this appendix. It is seen, 
from this table, that the preloads computed for the constant total mismatch case 

are essentially identical for both the conventional and iterative n~thods of 
analysis. However, the plastic deformation predicted for each region differs 

between the two types of analyses, with the more realistic values beiny computed 
by the iterative procedure. This can be seen in Table E3, which presents the 

total, the elastic, and the "plastic" displacements calculated for both the bolt 
and joint regions. Comparing the two methods of analysis applied to the con

stant total mismatch case, this table shows that somewhat smaller levels of 
plastic deformation are computed with the iterative procedure. Accordingly, it 

is concluded that if knowledge of the allocation of plastic deformation in the 

joint is not an important consideration, the conventional method of analysis 

(using Equation (28)) is much easier to apply and may be quite satisfactory for 
an estimate of preload reduction. The experience developed in this example 

·problem Sl ~gests that a judgement should be made prior to the application of 
these methods of bolted joint analyses (considering such factors as possible 

differences in material behavior, end use of the calculation, and level of pre
cision needed) to determine which type of computation is worth performing. 

~n the case of ~ variation in the total mismatch during relaxation, the 
only realistic way of assessing the behavior of the joint is to use the itera

tive procedure developed in this appendix. The results of the calculation per-

formed for this case is shown in the lower section of Table E2. As expected, 
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smaller preloads are computed than were obtained for the cases of constant total 

mismatch. The parameters obtained by computation for this case in Table E2 are 
presented graphically i'n Figure E6(b). The explanation for the initial increase 

in the total displacement fraction of the joint region is that the high initial 
relaxation rate of joint leads to a proportionately high increase in the com
pressive deformation (elastic plus plastic) of the joint compared to the elonga
tions developed in the bolt. This is not to s~ that the plastic deformation is 
greater in the joint, but only that the fractional increase is greater in the 
joint. The magnitudes of the displacements computed for this case are presented 

in Table E3. 

6. Summary 

In this appendix a scheme v1as developed to assess the effects of relaxation 
. . 

when the condition of constant total strain in the relaxing member was not sat-
isfied. The procedure developed only requires the results of a standard relaxa
tion test for the materials being used and knowledge of the-·variation of total 

displacement (or total strain) during exposure to the relaxing environment. 
Results are presented for specific variations in total displacement that are of 

practipal interest (Table E.l, Figure E.l). 

The methods developed for one relaxing material member were applied to the 
bolted joint in vlhich two or more members. operate as a mechanical system 
governed by mutual elastic constraint. Formulas were derived to compute joint 
preloa~s and member displacements knowing only (a) the results of standard 
relaxation tests for the bolt and joint materials, (b) basic material properties 
such as modulus of elasticity and expansivity for the environmental conditions 
of interest, (c) initial conditions of the joint, and (d) a description of 
external forces or environmental conditions (temperature, etc.) acting during 
the relaxation process. A graphical procedure was developed to facilitate the 
computations required, and the application of this procedure to an example 
problem of a bolted joint was presented and discussed in detail to illustrate 
its use. 
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Table E.l. Useful Formulas For Specific Fractional Relaxation Factors 

Totr.~l Displ. 
Variation Normalized "Total" Specific Fractional 

Type Displacements V~riation Relaxation Factor 

Linear 
ot ( z) 

1 + mz p(Z) (1 m -Ai) 
ot{oJ 

= = - - )(1 - e + mz 
A 

Exponential ot (z) -nz p(z) A (e-nz -Az) 
ot{o} 

= e = - e n t- A {A-n} 

Exponential <\ (z) -nz p(z) {\ -Az 
A ot loT "" e .. ze n = 

... .. ·----- ..... _.....,__.,~ ....... ¥ 
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TOTAL DISPLACEMENT IS 

CONSTANT 

VALl D Z: 0 :S Z 

TOTAL DISPLACEMENT IS 
LINEARLY VARYING 

VALID z: 0 ~ Z <Z 1 

Z= _!_~ (1- A) 
1 A m 

TOTAL DISPLACEMENT IS 

EXPONENTIALLY VARYING 
- -- - - -- -· 

VALID z: 0 ~ Z<Z 1 

1· A . 
-{(A-nl ~<n) n ~A 

z, I 
A , n= A 

NOTE: WHEN· n: A p : e-1 
• ' max 

St (Z) 
--=1.0 
St (zl 

WAPD-TM-1349 

1.0 t----'---------------,-

p(zl = R(zl = 1- e-Az 

o ~---------------------------------~~z 
0 

1.0 

St (z) 
--=I+ mz, m<o 
St (o) 

I 
I 
I 

~~--p(z)= ( 1- m )( 1-e-Az) + mz: 
0 

oL.----------------L--~z 
0 

St (Z) 
--:. e-nz, j >0 

1.0 St (o) 

Pmax 

0 L----------.....;...._..J......---e- z 
0 

n = 0, CONST TOT DISP 
CASE 

z, 

Figure E.l. Specific Relaxation Graphs for Some Cases of Interest 
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Figure E.S. Effect of Variations in Relaxation Rates Between 
Bolt and Joint in a Simple Two-Region Connection 
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Type of 
Calculation 

Performed 
+ 

Const. Tot. 
i1isnatch: 

Conventional 
Calculation 
(See Eq. 28, 
Sec. II.A.3) 

Const. Tot. 
Mismatch: 

Rea I is tic 
Calculation 
(Per Appendix E, 

. using Fig. E.4) 

Table E2. Calculated Results for Example Problem (Figure E.6) 

ITEM 

Torque 

Assembly Coef. 

Nom. Thd. Di a. 

!nit. Preload 

Bolt Flexibility 

Joint Flexibility 

Composite Flex. 

Mismatch 

Bolt Elast. Fract. 

Joint Elast. Fract. 

Exposure Level 

Bolt Param. 

Joint Param. 

Total Mismatch 

Mismatch Fract. 

Bolt Relax. Param •. 

Joint Relax. Para~. 

Preload Fract. Relax. 

Total Mismatch 

Mismatch Fract. 

Preload Fra.ct. Relax. 

Bolt Relax. Param. 

Bolt Tot. Disp. Param. 

Joint Relax. Param. 

Joint Tot. Disp. Param. 

Calc. Mismatch Param. 

SYMBOL/RELATION 

T (lb-in) 

c 
D 

P
0 

= T/CD, (lb) 

1/Kb, (in/lb) 

1/Kj, (in/lb) 

[1/Kb + 1/Kj], (in/lb) 

6 0 = [1/Kb + 1/Kj] P0 , (in) 

Cb = (1/Kb)/[1/Kb + 1/Kj] 

Cj = (1/Kj)/[1/Kb + 1/Kj] 

y 

zb = Yo.6o * 
z. = yO .41 * 

J 

t. 

6/tJ.o 
-.1\bZb 

(1-Rb) = e-1\·z. = ~b 
(1-Rj)=e'.JJ=~j 

(P'/P0 ) = (1-Rb) Cb + (1-Rj) Cj 

c. 

6/t:.o -
pI iP 0 (GUESS~ :.:: 

u 
-Abzb - w 

e = ~b § . :I: 
u 

lib I- z <( 
-A·Z· I- Q 

e J J = ~j 
::J I-a.. <( 

~' a:: 
ljlj w 

~ !:::: 
(6/60) = ~~tCb + 1)1/j -

120. 

0.165 

0.250 

2910. 

9.85 X 10- 7 

2.86 X 10- 7 

1.27 X 10- 6 

3.69 x w- 3 

0. 78 

0.22 

o.oo 

0.00 

0.00 

3.69 x w- 3 

1.00 

1.00 

1.00 

1.00 

3.69 X 10- 3 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

CALCULATED RESULTS 

5.00 10.00 

2.63 3.98 

1.93 2'. 57 

3.69 X 10- 3 3.69 x w- 3 

1.00 1.00 

o. 56 0.42 .. 

0.35 0.24 . 

0.51 0.38 

3.69 x w- 3 3.69 X 10- 3 

1.00 1.00 

0.51 0.38 

0.56 0.42 

0.9.3 0.93 

0.35 0.24 

1.25 1.25 

1.000 1.000 

20.00 

6.03 

3.42 

3.69 x w- 3 

1.00 

0.27 
.. 

0.15 

0.244 

3.69 X 10- 3 

1.00 

0.237 

0.27 

0.94 

0.15 ::E: 
):> 

1.19 
'"0 
0 
I 

0.995 -i 
3: 
I ...... 
w 
~ 
1.0 



Table E2. (Cont) 

:TEM SYMEOL/RELATION CALCULATED RESULTS 

Linear Var~ins Total Mismatch 6 3.69 X 10-3 3.52 X 10-3 3.36 X 10-3 3.02 X 10-3 

Totl. Mismatch: M· smatch Fract. t:.lt:.o ~.00 0.954 0.911 0.818 

Realistic Calc. Pr~load Fract. Rflax. P'/P0 (GUESSl.:: B ~.00 0.48 0.32 0.14 
(per Appendix E, Bolt Relax. Param. 

-AbZb z w 
~.00 0.56 0.42 0.27 using Fig. E.4) e = Cb Q J: 

'Jib 
1- u 

BoH Tot. [lisp. F·aram. <(z :.oo 0.89 0.84 o. 77 
-A .z · 1- 0 

Joint Re 1 a> .• P:trc:m. e J J :::>_ 
1.00 0.35 0.24 0.15 = c;j a.. ~ ~ 

J coi nt Tot. Dis.J. Param. .Pj 0 a:: 1.00 1.20 1.14 0.99 u w 
1-

Cc:lc. Mismc:tch Pc:ram. (t:.lt:.o) = ~cb + .PjCj -::. 1.00 0.958 0.906 0.818 

-AyB *Using R = 1 - e to fit standard rel.a,.ation test, let Ab = C•.22 and Bb = 0.60 for bolt,. and let Aj 0.55 and Bj 0.41 for joint. 

,....., 



Exposure 
Level, y 

0 

5 

10 

20 

Exposure 
Level, y 

0 

5 

10 

20 

...... 
-"" ...... 

• 

Table E3. Calculated Bolt and Joint Displacements for Example Problem 
(Displacements expressed in mils) 

Constant Mismatch - Constant Total Displacements - Conventional Calculation 

Total Elastic Plastic 

ob 0. 
J 

olb 0 I • 

J opb 

2.88 -0.81 2.88 -0.81 o.oo 
2.88 -0.81 1.47 -0.41 1.41 

2.88 -0.81 1.09 -0.31 1.79 

2.88 -0.81 0.70 -0.20 2.18 

Constant Mismatch - Variable Total Displacements - Appendix E Calculation 

Total Elastic Plastic 

ob 0. 
J 

olb 0 I . 

J opb 

2.88 -0.81 2.88 -0.81 0.00 

2.68 -1.01 1.47 -0.41 1.21 

2.68 -1.01 1.09 -0.31 1.59 

2.71 -0.96 0.68 -0.19 2.03 

opj 

0.00 

-0.40 

-0.50 

-0.61 

opj 

0.00 

-0.60 

-0.70 

-0.94 

:E: 
;:t::o 
"'0 
0 
I 
-I 
3: 
I ...... 
w 
+::> 
1.0 



Tab·e E3. (Cant) 

Variable Mismatch- Var···able Total Displacement- Appendix E Calculation 

Total j Elastic Plastic 
Exposu-:e 

! Leve 1 , y ob o· o'b Q I • opb opj J J 

,o 2.88 -0.81 2.88 -0.81 0.00 o.oo 
5 2.56 -0.97 1.38 i -:J.39 1.18 -0.58 

-· 
10 2.42 -0.92 0.92 -J.26 1.50 -0.66 

20 2.22 
' -0.80 0.40 -).11 1.82 -0.69 

NOTE: Displacements were computed as follows: total disp., oi; ~~o·(o); elastic disp., 
o'i; (P'/P0 ) oi(o); plastic dis:j} .• , ·5p;; oi- o'i; '1'/here i; tbu for bolt or "j" for joinL 

...... 
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0. 
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14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

JOINT NAME: ____ --'---------

Material 

A ·(A min Amax) 
. I 

( Dhole 1 Dnut) 

( Dh I Dn) 

L lLILJh or ~L/Uhl 

(J3~ cone angle) 

(p, TM-1105 p20) 

AIL 

TJ 
.. 

E1 

K1 = E1 AIL(= E1 Dh p) 

IIK1 

CJI 

a1L 

l2 

E2 
-

Kz = Ez A/L(=E2 Dhp) 

I/K2 

(J2 

a2 L 

Rth (therm relax) 

Rirr (irrad relax) 

R = 1-( 1- RthH 1-Rirl 

(I- R) I K2 -

STIFFNESS CALCULATIONS 

l -
Kb-

J...=LJ_= 
Kj i KJ i 

[
.!. + l.. L 
Kb KjJ 

I -
Kb 

*Include bolt in R 

Model Work Sheet for Stiffness Calculation 
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I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

f·~ 9. 
., 

10. 

,, II. 
:J 

12. 

. 13. 

14. 
- - 15. 

16. 

17: 

18. 

19, 

20. 

21. 

22 

23. 

24. 

l'· 
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JOINT NAME: CALCULATED PRELOADS AND STRESSES 

I C~th T 
~hot 

Pcold = Phot = 
P0 + m8 [ _!_ + ~j J hot Kb 

~cold = [I I J Pcold, ~hot = ~cold + ~thj -Jthb] (~TO) -+-
Kb Kj cold 

T(lb-in) or P0 (1b) 

c or m 

Dth or eo 
Amin (for lines 14,16,18) 

Pcold (T= 0) 

a-= Pcold I Amin 

Reduced Pcold (Pl. Def.) 
[ I I J · 

Kb + Kj cold 

~cold 
..Ahj=~aji Lji 

,/,hb = Czb Lb 
[I I J 
Kb + Kj hot 

Phot ( T= 0) 

& = Phot /~min 

Reduced Phot (Pl. De f.}* 

a-= Phot /Amin 
-

Ext. Load, W 

a-= W/Amin 

Max Bolt Load, Fb 

Resid. Torque (hot), Tr 

Ave Stress lntens, S 
/ 

Overall Relax. Factor 

Reduced Phot (Relax) 

Separation Load, Wsep 

*IF APPLICABLE, ADDITIONAL REDUCTION TO PRELOAD FROM TIME-INDEPENDENT 
PLASTICITY EFFECTS (APPENDIX D) 

Model Work Sheet for Calculated Preloads and S~resses 
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