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Loosening is unavoidable under extremely high loads, but the amount 
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trative experimental data are reported . 
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0. A. PRINGLE 

An important requirement for the satisfactory 
performance of a bolted joint is the retention 
of a suitable clamping force. Decrease or loss 
of clamping force may result in such detrimental 
effects as slip, misalignment, slack, leakage, 
and reduced fatigue strength. Unfortunately, 
loosening can occur in a variety of ways, among 
which are rotation of the nut; crushing of sur-
face irregularities; extrusion of dirt, paint, 
plating, or scale; creep; and plastic deforma-
tion. 

This paper will examine in detail several 
cases in which loosening is caused by plastic 
elongation of the bolt. Such plastic deformation 
will occur whenever the stress in the bolt ex-
ceeds the elastic limit. Obviously this can be 
prevented by keeping peak stresses below the 
elastic limit at all times, however such a solu-
tion is not always practical or economical. For 
efficient use of bolts, clamping forces should 
be as high as possible, and it is common practice 
to tighten bolts initially to stresses near or 
even above the elastic limit. With an initial 
tightening stress near the elastic limit, peak 
stress due to imposition of an external load may 
easily cause this limit to be exceeded. Further-
more, it may be anticipated that requirements for 
bolted-joint applications of the future will be 
increasingly severe, necessitating minimum fac-
tors of safety while demanding maximum reliabil-
ity. In view of this, a need is indicated for 
methods by which the amount of loosening may be 
predicted quantitatively, which in turn should 
permit rational determination of the best means 
of mitigating loosening in a particular applica-
tion. 

General discussions of bolted joint design 
considerations have been presented by Stewart 

1 (l) and Almen(~) . Some of the relations among 
the various forces and deflections in bolted 
joints were explained by Dolan (l_). Studies of 
loosening due to nut rotation have been made by 
Goodier and Sweeney(.~), and by Sauer, Lemmon, 
and Lynn (.,2_). Roberts (§_) investigated the ef-
fects of loosening on leakage. One of the most 
serious effects of loosening, loss of fatigue 
strength, has been treated by Steward (1), Almen 
(~), Dolan (l.), Boomsma (1), and Erker (.§.). 

1 Underlined numbers in parenthes EG designate 
References at the end of the paper. 
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Loosening of Bolted Joints by 
Small Plastic Deformations 
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Fig. 1 Bolted joint loaded in tension 

LOOSENING BY EXTERNAL FORCE 

A bolted joint loaded in tension may be vis-
ualized as shown in Fig.l(a). The bolt is 
tightened initially to tension F , creating 

1 clamping force F at the mating surfaces. When cl 
the external force Pis applied, the bolt ten-
sion increases from F1 to F2 while the clamping 
force decreases from F to F . The free-body 

. cl c2 diagram is shown in Fig.l(c), and the equilibrium 
equation is F = P + F . 2 c2 

As the bolt load increases from F1 to F2 , the 
bolt elongates an amount 6X . At the same time, 

b the compressive force on the f-portion of the 
clamped parts increases from F to F , resulting 
in a contraction of 6X Als3, the2compressive cf force on then-portion decreases from F to F , 

cl c2 hence it elongates an amount~ The total 
springback of the clamped partscis the difference 
between 6X and 6X . As long as the mating en cf 
surfaces do not separate, the bolt elongation 
must equal the clamped parts springback, thus the 
necessary deflection relation is 6X = 6X 
~X b en 

cf 
For a particular case, the foregoing rela-

tionships may be shown conveniently on a force 
versus deflection diagram as in Fig.2. It is as-
sumed that the elastic portion of the bolt force-
deflection curve is a straight line of slope k 
and the plastic portion is a straight line of be 
slope k The plastic straight line is an ac-bp . 
ceptable approximation as it need be fitted to 
the actual curve over only the small range to be 
included in the loosening calculations. It is 
also assumed that the force versus deflection 
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Fig. 2 Force-deflection diagram for bolted 
joint with initial tension above the elastic 

limit 

curve for the total clamped parts is a straight 
line of slope k , the curve for the f-portion is 

C a straight line of slope k , and the curve f or 
then-portion is a straightfline of slope k . 

en For the particular case shown, the initial tight-
ening load F is less than the elastic-limit load 

1 
F , the maximum bolt load F is greater than F , 

y 2 y 
and the clamping force F is greater than zero c2 so the mating surfaces do not s eparate. 

The bolt is tightened initially to point 
F ,X . As the external force P is applied, the 
b~lt1load increases to F , and the corresponding 

2 bolt elongation AX is indicated. The load on 
b 

then-portion decreases from Fcl to Fc2 , and its 
elongation AX is the X projection of its line 
between F a~8 F . Meanwhile , the load on the cl c2 
f-portion has increased from F1 to F2 , and the 
contraction AS of this portion is the X projec-cf tion of its line between F and F as shown. The 

2 1 construction satisfies the previously mentioned 
\equilibrium equation and deflection relation, 
therefore the maximum bolt load F2 is correc tly 
located for a g iven value of P. If Pis removed, 
the bolt springs back from point F2 ,x2 along an 
e l asti c r ecovery line of slope k The f inal be state of the clamped parts is along a line of 
$lope kc drawn from. the initial state at F1 ,x1 . 
For equilibrium, the final bolt tension F3 must 
equal the final clamping force Fc 3 , therefore 
these forces are found at the inters ection of t h e 
above lines. As a result of the f irs t appl ica-
t~on -of external f orce , loosening has occurred , 
and the bolt tension has decreased from F to F . 

Formulas for the case illus trated in P1g. 2 3 
will be derived. After expressing the deflec-

2 

tions in terms of forces and slopes, the deflec-
tion relation becomes 

Substituting Fc2 from the equilibrium equation 
and solving for F2 results in 

( 
kc) (kc) ( k.) l+- - 1-~ 

F2 • ~e Fl• kc:c p + FY 
l+- l+- l+-

1,,p I 1,,p kc 

The equations of the bolt recovery line and 
clamped parts force-deflection line are 

F1 - F • -k0 (X1 - X) 

Solving for F at the intersection of these 
lines, and exiressing deflections in terms of 
forces and s lopes, one obtains 

( 1) 

( 2 ) 

Equations (1) and ( 2 ) pertain to the initial 
application of the external force. As a r esult 
of work-hardening, the el astic limit of the bolt 
is assumed t o have then increased in magnitude to 
F . Upon a second application of external force , 

2 
F in the equations should be made equal to the 
p¥eviously calculated F2 , and F1 should be made 
equal to the pr eviously calculated F3 . I t will 
then be found that F 2 equals FY. S i nc e F2 does 
not exceed F during the secona load application, 
no plastic diformation of the bolt occurs, and 
cons equentl y t her e is no loosening. Similarly , 
additional repetitions of the same external for ce 
will cause no further loosening . 

Equations ( 1) and_ ( 2 ) do not appl y if F <F . 
2 y For this part icular case an expression for F2 may 

be obtained by simply substituting k = k in bp b e equation (1) , which in effect replaces t he plas -
t ic portion of the bolt f orc e -def l ection curve by 
a continuation of the elastic portion. Then 

(3 ) 

Since F does not exceed F in this case , there 
is no l~oseni ng , and F3 = F1 . 

For a given external forc e P, ther e is a max-
imum initial tension F1 which should not be ex-
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Fig. 3 Force-deflection diagram for bolted 
joint with initial tension above the elastic 

limit 

ceeded during tightening if loosening is to be 
avoided. This maximum initial tension is reached 
when F from equation (3) equals F , thus 

2 y 

( i+) 

Fig.3 illustrates the force-deflection rela-
tionships for the case in which the initial ten-
sion exceeds the elastic limit. The formula for 
F may be obtained by simply replacing k in 2 be equation (3) by k ; i.e., by changing the slope 
from that of the ~£astic portion to that of the 
plastic portion. The final bolt tension after 
loosening for the case of Fig.3 is found from the 
previously given equations of the bolt recovery 
line and the clamped parts force-deflection line. 
Substituting for deflections the appropriate 
equivalents in terms of forces and slopes and 
solving simultaneously, one obtains 

( 5) 

Equations (1), (3) and (1+) assume that 
F > O, so that the mating surfaces do not sep-

c2 arate. To check this assumption, F should be c2 
determined from the equilibrium equation. A neg-
ative value of F is physically impossible and c2 
signifies that actually Fc 2 = 0 and F2 = P. F.) 
may then be obtained from equation (2) if F1 <..... FY 
or equation ( 5) if F > F . . l y 

If desired, the foregoing formulas may be 
modified to allow for a reduction in bolt elastic 
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Fig. 4 Effects of initial tension, gaskets, and 
spring washers on loosening due to external 

force 

limit due to combined tensile and torsional shear 
stresses . Evidence seems to indicate, however, 
that most of the torque on the bolt due to tight-
ening is relieved by radial rubbing of the thread 
surfaces due to transverse contractions and ex-
pansions. 

The use of the foregoing equations will be 
illustrated by several sample calculations, the 
results of which are plotted in Fig.1+. For the 
curves labeled 11 typiga1 joint" the values assumgd 
were k = 1.35 x 10 lb./in., k = 0.225 x 10 be . bp lb/in., k = a:::(assuming negligible d~flection cf b of the f-portion), k k = 6.0 x 10 lb/in., en c 
and F = 8920 lb. These values approximate a 
3/8 ih. - 16 UNG x 3 in. heat-treated steel bolt 
clamping rigid steel parts. As shown in Fig . 1+, 
for P = i+ooo lb there is no loss of tightness if 
F 8190 lb. However, if F > 8190 lb, loosen-

1 l ing occurs. For the larger external load of 
8000 lb loosening begins at a lower value of F1 
and is greater in amount. For the extremely 
large external force of 9500 lb loosening occurs 
at all values of F1 , however the fraction of ini-
tial tightness retained increases with larger 
values of F1 . Discontinuities in the curves oc-
cur at the elastic limit and also at points where 
the mating surfaces cease to separate. The 
curves show that favorable decreases in looseniP.g 
may be realized at initial tensions above F . 
It may, however, be inadvisable to take adv~ntage 
of this effect as the maximum bolt load F 2 may 
become excessive, resulting in insufficient fac-
tor of safety on ultimate strength . Also, exces-
sive plastic flow in the threads may result in 
binding of the nut. In general, the curves show 
that if loosening is to be completely avoided for 
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small or moderate values of external load, the 
initial tension must not exceed the maximum value 
as calculated by equation (4). On the other 
hand, loosening is unavoidable at extremely high 
values of external load, but the amount of loos-
ening can be decreased by tightening to higher 
values of initial tension. 

For the curves in Fig . 4 labeled 6gasket 11 the 
value of k was reduced to 0 . 5 x 10 lb/in. to en approximate the inclusion of a soft gasket be-
tween the mating surfaces of the joint. Values 
of other variables were unchanged. In general, 
the gasket increased loosening, with the excep-
tion that loosening decreased for the combination 
of the ultra-high external load and low values of 
initial tension . 

For the curves in Fig.4 labeled "spring wash-
er" the values assumed6were k = 0.5 x 106 

cf 
lb/in . , k = 6.o x 10 lb/in., and k = o.462 x 
106 lb/in~n These values approximate fhe addition 
to the typical joint of a spring washer under the 
bolt head or nut. Values of the other variables 
were unchanged. The location of the spring wash-
er is such that it becomes in effect the f-por-
tion of Fig.l(c), hence a low value of k was cf used. It can be seen that the spring washer re-
sults in substantially decreased loosening in all 
instances. 

It should be noted that some bolted joints 
may be subjected after fabrication to a test load 
much higher than the external load expected in 
service. Possible loosening due to the test load 
should not be overlooked. Also, it is obvious 
that lock-nuts or similar devices cannot beef-
fective against the type of loosening under dis-
cussion. 

LOOSENING BY EXTERNAL IMPACT 

An external impact load, such as that caused 
by the collision of two moving bodies, will re-
quire the bolted Joint to absorb a certain amount 
of energy. Formulas for loosening under impact 
load will be derived by equating the external im-
pact energy W to the strain energy absorbed by 
the joint. The first formula to be derived will 
be for the case illustrated in Fig.2. The strain 
energy absorbed or released by each component of 
the joint will be equal to the area under the ap-
plicable portion of its force-deflection curve. 
For Fig.2 this results in 

4 

Substituting F F - k (X - x1 ), replacing c2 1 en c2 the deflections by their equivalents in terms of 
forces and slopes, and solving for F2 results in 

.. 

( 6) 

F , the bolt tension after loosening, may be 
fgund by substituting F2 from equation (6) into 
equation ( 2) . 

Equations (6) and (2) pertain to the first 
application of impact energy W. Upon a second 
application, F in the equations should be made 

y 
equal to the previously calculated F , and F 
should be made equal to the previously calcu!ated 
F3 . It will then be found that F2 again exceeds 
F , and further loosening occurs . . Similarly, 
e!ch additional repetition of the impact load 
causes additional loosening, although in decreas-
ing amounts. Thus there is continuous loosening 
under repeated impact, with the possibility of 
complete loss of tightness after many cycles. 

Equation ( 6) does not apply if F < F . For 
this case, an expression for F2 may ~e ob{ained 
by substituting k = k in equation (6); that bp be 
is, by replacing the plastic portion of the bolt 
curve by a continuation of the elastic portion. 
Then 

( 7) 

Since F <F in this case, there is no loosening, 
2 y 

and F3 = F1 . 
For a given impact energy W, there is a maxi-

mum initial tension which should not be exceeded 
during tightening if loosening is to be avoided. 
This maximum initial tension is reached when F2 
from equation (7) equals F , thus 

y 
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Fig. 5 Effects of initial tension, gaskets, and 
spring washers on loosening by one application 

of impact load 

( 8 ) 

If F1> F , as in the case in Fig.3, the ap-
propriate for~ula for F2 may be obtained by re-
placing kbe with kb in equation (7); i.e., by 
changing the slope gf the bolt curve from that of 
the elastic portion to that of the plastic por-
tion . Then F3 , the bolt tension after loosening, 
is found from equation (5). 

Equations ( 6) through ( 8) assume that F > O, 
c2 so that the mating surfaces do not separate. To 

check this assumption, F should be calculated. c2 Starting with F = F - k (X - X ) and re-c2 1 en c2 1 placing the deflections by equivalents in terms 
of f orces and slopes, one obtains 

F • h. + + ken) F + ~( _ \ F _ ken { + kef\, 
e2 \ kc! l ~P \ ~) 7 ker '( ¾p}'2 

(9) 

Equation (9 ) applies if F < F and F )> F , and 
should be us ed in conjunction iith eqiiatioh (6) . 
I f F < F , the corresponding formula may be 

2 y 
der i v ed by r eplacing k in equation ( 9) by k , 

bp be to obtain 

F 2 • (l +ken+ ~)Fi - ~fi + kef)F (10 ) 
c \ kcf ~e ker\ 2 

Equation (10 ) s hould be used with equation (7). 
If F > F , the corresponding formula may be ob-1 y 
tained by r epla cing k in equation (10) by k . 

be bp A negative value of F obtained from the 
· c2 

p 

LOAD CELL 

STRAIN GAGES 

Fig. 6 Static testing fixture 

above equations is physically impossible and sig-
nifies that actually Fc2 = 0. If so, equations 
(6) through ( 8) do not apply. For the case in 
which F = O, F < F , and F > F , the appro-c2 l y 2 y 
priate formula may be obtained in a manner du-
plicating the derivation of equation (6), with 
the exception that F is substituted as zero. c2 
The result is 

F • 
2 ~?-2( + ken+ [l _ ~i en \ k e 2 ¾e 2 2111,,p 

F + -- F +---
1+ ¾p l l•~ y l+~ 

k k k cf cf cf 

( 11) 

After obtaining F from equation (11), F3 is . 2 
found from equation (2). 

For the case in which F = O, F < F , and 
F < F , l et k = k in e~iiation (±1) tl obtain 

2 y bp be 

F • 2 

(12) 

Sinc e F < F in this cas e , t here is no loos ening, 
2 y 

and F3 = F1 . 
For a given i mpact energy , the maximum ini-

tial tension permi ssible without subsequent loos-
ening i s r eached when F2 from equation (12) 
equals F . This l eads to 

y 

( 1 3 ) 
F • lax 
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Fig. 7 Impact testing fixture 
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Fig. 8 Loosening caused by repetitions of an ex-
ternal force of 9250 lb 

If Fc 2 = 0 and F1 > FY, the appropriate for-
mula for F may be obtained by replacing k in 

2 be 
equation (12) with k , thus changing the slope bp of the bolt curve from that of the elastic por-
tion to that of the plastic portion. F3 is then 
found from equation (5). 

It should be noted that the energy method 
used in deriving the foregoing formulas does not 
provide the complete picture of the transient 
motions and wave propagation effects which are 
involved . Also, in high-speed impact the in-
crease in elastic limit with strain rate should 
be taken into consideration. 

The use of the impact equations will be il-
lustrated by several numerical examples, the re-
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Fig. 9 Loosening caused by repeated impact 
with 48 in. lb pendulum energy 

sults of which are plotted in Fig . 5. Values of 
k , k , F , k f' k , and k were those used in be bp y c en c Fig . 4. The curves show that if loosening is to 
be completely avoided for moderate values of im-
pact energy, the initial tension must not exceed 
the maximum value obtained from equation (8) or 
(13) . Loosening is unavoidable at extremely high 
values of impact energy, but the amount of loos-
ening can be decreased by tightening to higher 
values of initial tension. Gaskets appear to in-
crease loosening somewhat under moderate impact 
loads, and to markedly reduce loosening under ex-
tremely large impact loads. In all instances 
loosening is substantially reduced by the addi-
tion of a spring washer. The effect is particu-
larly remarkable at high impact loads; the 48 in. 
lb. curve shows that not only is loosening dras-
tically reduced, but for initial tensions below 
6480 lb. there is no loosening at all. 

EXPERD1ENT AL RESULTS 

The bolts tested were 3/8 in.-16 UNC-2A x 3 
in. hexagon-head cap screws of 1038 steel heat 
treated to SAE Grade 5, used with heavy hexagon 
steel nuts. The static testing fixture, shown 
in Fig . 6 , was used to apply an external tensile 
force to the joint with the aid of a hydraulic 
tensile testing machine . The impact testing fix-
ture , shown in Fig.7, was used to impose an ex-
ternal impact load on the joint by means of a 
pendulum-type impact machine. The impact fixture 
was supported in a slot in the pendulum in a man-
ner similar to standard tensile impact specimens. 
The bolt tension was measured with a load cell 
consisting of two concentric sleeves to transfer 
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Fig. 10 Loosening caused by repeated impact 
with 192 in. lb pendulum energy 

the load from the bolt head to the fixture block. 
Four resistance-wire strain gages were cemented 
to the inner sleeve in an arrangement which can-
celled signals due to temperature effects or 
bending stresses. Instruments used were a 
strain-gage amplifier with chopper and null-bal-
ance dial, and a cathode-ray oscilloscope. Bolt 
tensions before and after loosening were measured 
by the null balance dial using the square wave 
formed by the chopper on the oscilloscope 

Values of k , k , F , k , k , and be bp y Gf en determined for the bolts and 1'ixtures and 

screen. 
k were 

C these 
values were used to compute theoretical curves 
for comparison with the experimental curves. 

Representative results are shown in Figs.8 
through 11. Fig.8 shows loosening due to repeti-
tions of a large external force. It is seen that 
the actual loosening was somewhat greater than 
that calculated. Most of this discrepancy is 
probably due to loosening from other causes, such 
as contact deformation of surface iTregularities 
or extrusion of scale. It was also found that 
an extremely small amount of loosening occurred 
on each successive load repetition after the 
first. This additional loosening may be charge-
able to small nut rotation per cycle or to con-
tinued extrusion of scale. Loosening by nut ro-
tation, if any, would be extremely small in 
amount due to the limited number of load cycles. 

Figs.9 and 10 show loosening due to repeated 
impact. At the moderate load of ~8 in-lb there 
is substantially no loosening for initial ten-
sions of 3000 and 6000 lb, while there is defi-
nite loos~ning for an initial tension of 9500 lb. 
Under the very large load of 192 in-lb, substan-
tial loosening occurred at all values of initial 
tension. Curves are included showing the effect 

o<>----'----L---'~-_i_--L _ __J_ _ __J 
3000 4000 5000 6000 7000 8000 9000 10000 
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Fig. 11 Effect of initial tension on loosening 
after 100 impact load repetitions 

of a 1/16-in. rubber gasket. No theoretical 
curves were calculated for the rubber gasket, as 
some creep of the rubber was present and this ef-
fect was not included in the formulas. However, 
the general effect of the gasket was as predicted 
in the discussion of Fig.5. As in the case of 
the static tests, the actual loosening was in 
general greater than the calculated loosening, 
the difference again being due to loosening from 
other causes. 

Fig.11 presents the impact data in the manner 
of Fig.5, showing the effect of initial tension 
on loosening. As expected, loosening was in-
creased by use of higher initial tensions at mod-
erate loads, but was decreased by higher initial 
tensions under very large loads . 

CONCLUSIONS 

The designer must determine the amount of 
loosening which is admissible in a particular ap-
plication. The toleration of some loosening by 
plastic deformation will permit the greatest ex-
ternal load for a given size bolt or the smallest 
bolt for a given load. The amount of such loos-
ening can then be minimized by specifying high 
tightening torques. Use of spring washers or,. 
depending on conditions, addition or removal of 
gaskets may bring the loosening to within accept-
able limits. 

If, however, the application demands the com-
plete absence of loosening, the initial tension 
must be kept below the calculated maximum value 
by a margin of safety. The maxillll.llll initial ten-
sion for no loosening increases as the external 
load is decreased, hence if high clamping for c es 
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are desired the load must be small for a given 
size bolt or a larger bolt must be used for a 
given load. 
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