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IF'=HX (threaded fasteners

Table 13.2 Dimensions of Selected Metric Standard Screw Threads' (preferred combinations of diameter

and pitch; other standard options are available)

Coarse Thread Series

Fine Thread Series

Minor Tensile Minor Tensile
Major Minor Diam. Stress Minor Diam. Stress
Diam. Pitch Diam. Area A, Area’, Pitch Diam. Area A . Area?,
d, mm p. mm d,. mm mm” mm”* p. mm d.. mm mm- mm”
3.0 0.50 2.459 4.75 5.18
3.5 0.60 2.850 6.38 698
4.0 0.70 3.242 8.25 0.05
5.0 0.80 4.134 134 14.6
6.0 1.00 4917 19.0 20.7
8.0 1.25 6.647 34.7 37.6 1.00 6.917 38.0 40.0
10.0 1.50 8.376 55.1 59.5 1.25 B.047 58.7 62.5
12.0 1.75 10.106 80.2 863 1.25 10.647 829.0 936
14.0 2.00 11.835 110 118 1.50 12.376 120 127
16.0 2.00 13.835 150 160 1.50 14.376 162 170
158.0 2.50 15.204 184 197 1.50 16.376 211 219
20.0 2.50 17.294 235 250 1.50 18.376 265 275
22.0 2.50 19.294 202 309 1.50 20376 326 337
24.0 3.00 20,752 338 360 2.00 21.835 374 359
27.0 3.00 23.752 443 468 2.00 24.835 484 501
30.0 3.50 26.211 540 571 2.00 27.835 G60o9 628



@ Bolt Tightening and Initial Tension:l

For most applications, screws and nut-bolt assemblies should ideally be tightened to
produce an initial tensile force F; nearly equal to the full “proof load,” which is
defined as the maximum tensile force that does not produce a normally measurable
permanent set. (This is a little less than the tensile force producing a 0.2 percent off-
set elongation associated with standard tests to determine §,.) On this basis initial
tensions are commonly specified in accordance with the equation

Fi = KiAS, (10.11)

where A, is the tensile stress area of the thread (Tables 10.1 and 10.2), §, is the
“proof strength™ of the material (Tables 10.4 and 10.5), and K is a constant, usually
specified in the range of 0.75 to 1.0. For ordinary applications involving static load-
ing, let K; = 0.9, or

F; = 0.9A,S, (10.11a)




Proof
Load Yield Tensile
Diameter  (Strength)®  Strength® Strength
SAE Class d (mm) SF (MPa) S_.', (MPa) S, (MPa)

4.6 3 thru 36 225 240 400
4.5 1.6 thru 16 310 — 420
5.8 3 thru 24 380 — 520
8.8 17 thru 36 600 660 830
0.5 1.6 thru 16 630 — 900
10.9 6 thru 36 830 940 1040
12.9 1.6 thru 36 970 1100 1220




Chapter 16  Fasteners, Connections, and Power Screws
Table 16.5: Strength of various metric series steel bolts.

4.6 . M5 -M36 400 240 225

5.8 . M5-M24 520 415° 380

9.8 900 720° 650

®
S
o
:
o

129

;

1220 1100 970

*Yield strengths are approximate and are not included in the
standard.
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Briefly, the rationale behind so high an initial tension is the following.

1. For loads tending to separate rigid members (as in Figure #1 ), the bolt load
cannot be increased very much unless the members do actually separate, and the
higher the initial bolt tension, the less likely the members are to separate.

2. For loads tending to shear the bolt (as in Figure #2 ), the higher the initial ten-
sion the greater the friction forces resisting the relative motion in shear.

Further implications of the initial bolt tension for fatigue loading will be discussed in a next
Section.




Relating Bolt Torque to Bolt Tension

Having learned that a high preload is very desirable in important bolted connections,
we must next consider means of ensuring that the preload is actually developed when
the parts are assembled.

torque coefficient K

Bolt Condition K

Nonplated, black finish 0.30
I'= KFd Zinc-plated 0.20
Lubricated 0.18
Cadmium-plated 0.16
With Bowman Anti-Seize 0.12
With Bowman-Grip nuts 0.09

The coefficient of friction depends upon the surface smoothness. accuracy, and
degree of lubrication.

Remember, this is only an approximate relationship,
dependent on “average” conditions of thread friction.




In view' of these guidelines, it is recommended for both static and fatigue load-
ing that the following be used for preload:

(8-31)

{D.TSF o for nonpermanent connections, reused fasteners
f fr—

0.90F, for permanent connections
where F), is the proof load, obtained from the equation

F,=A,S, (8-32)
Here S, is the proof strength obtained from Tables

For other materials, an approximate value is §, = 0.855.

| Metric Mechanical-Property Classes for Steel Bolts, Screws, and Studs

Minimum Minimum Minimum
Size Proof Tensile Yield

Property Range, Sirength,* Sirength,* Strength,*
ClI::ls Inclusive MPa MPa MPa Material

4.6 M5-M36 225 400 240 Low or medium carbon 7 = .
()
4.8 Ml.6-M16 310 420 30 Low or medium carbon 7 - .
()
5.8 M5-M24 380 520 420 Low or medium carbon ’ ‘:‘ .
()
8.8 Ml16-M36 600 830 660 Medium carbon, Q&T 7 - .
9.8 Ml.6-Ml6 650 900 720 Medium carbon, Q&T -

9

I|



Table 8-12 is included to provide some information on the relative values of the
stiffnesses encountered. The grip contains only two members, both of steel, and no

washers. The ratios C and 1 — C are the coefficients of P in Eqgs.

They describe the proportion of the external load taken by the bolt and
by the members, respectively. In all cases, the members take over 80 percent of the
external load. Think how important this is when fatigue loading is present. Note also
that making the erip longer causes the members to take an even greater percentage
of the external load.

Stiffnesses, M Ibf/in Comeuiaton of Bolt nd
arniheer shllmesses slos
Bolt Grip, in ky, k. members clamped using
a s in-13 NC sieel bull.
2 2.57 12.69 0.168 0.832 €= ﬁ* -
& i
3 1.79 11.33 0.136 0.864
4 1.37 10.63 0.114 0.886




Tension Joints—The External Load

A bolted connection loaded in
tension by the forces P. Note

the use of two washers. Note
how the threads extend into
the body of the connection.

This is usual and is desired.
[ 1s the grnip of the connection.

Let us now consider what happens when an external tensile load P, as in Fig. 1

is applied to a bolted connection. It is to be assumed, of course, that the clamping
force, which we will call the preload F;, has been correctly applied by tightening the
nut before P is applied. The nomenclature used is:

F; = preload
Pio1 = Total external tensile load applied to the joint

P = external tensile load per bolt
If N bolts equally share the total external load, then

] - Ptma”(N




P = external tensile load per bolt

P, = portion of P taken by bolt
P, = portion of P taken by members
F;, = P, + F; = resultant bolt load

F, = P, — F;, = resultant load on members

C = fraction of external load P carried by bolt

1 — C = fraction of external load P carried by members

The load P is tension, and it causes the connection to stretch, or elongate, through
some distance 6. We can relate this elongation to the stiffnesses by recalling that £ is
the force divided by the deflection. Thus

B P,

and 0 =— (b)

O =
ki:r km

or

k
P, =P~ (c)




Since P = P, + P,. we have

P, = o kfk,,, - CP (d)
and
P,=P—P,=(1—C)P (e)
where
k
‘=% +b k, A

is called the stiffness constant of the joint. The resultant bolt load is
F,=P,+F,=CP+F
and the resultant load on the connected members is
F,=P,— F,=(1—-C)FP —F;

Of course, these results are valid only as long as some clamping load remains in the
members; this is indicated by the qualifier in the equations.




Statically Loaded Tension Joint with Preload
tensile stress in the bolt can be found as in Ex. 83 as

_&_CF+F,—

A A \al

Tp

Thus, the yielding factor of safety guarding against the static stress exceeding the
proof strength is

S s
N = 4 — F (b)
"~ o, (CP + F)/A,
or
S A
_ A _
T CP+ F 8-28)

Since it is common to load a bolt close to the proof strength, the yielding factor of
safety is often not much greater than unity.

I —



Statically Loaded Tension Joint with Preload

Another indicator of yielding that is
sometimes used is a load factor, which is applied only to the load P as a guard against
overloading. Applying such a load factor, n;, to the load P in Eq. (a), and equating
it to the proof strength gives

CPILP + F i
S (c)
Solving for the load factor gives
S, Ay — F; o oo
nL="cp (8-29)

[EEN
(08)



Statically Loaded Tension Joint with Preload

It is also essential for a safe joint that the external load be smaller than that needed
to cause the joint to separate. If separation does occur, then the entire external load
will be imposed on the bolt. Let P, be the value of the external load that would cause
joint separation. At separation, F,, = 0 in Eq. (8-25), and so

(1-C)Py— F;=0 (d)

Let the factor of safety against joint separation be

ny = Fo [
0~ F el
Substituting P, = nyP in Eq. (d), we find
F;
ny = P - O (8-30)

as a load factor guarding against joint separation.

Separation of joint.




Tension Loaded Bolted Joints: Static Factors of Safety

Axial Stress:

Fh CP + F:'
op = — =
A; A;
Yielding Factor of Safety:
n L & L S‘F? . SPA;
" o, (CP+F)/A, CP+F,
[Load Factor:
CHLP+F,' _SPA;_F;'
A =T

Joint Separation Factor:
- P(1=-0)

no




The bolted joint shown in Figure E13.2 is required to support an external force of
F = 10 kN. For a preliminary design, class 4.6 bolts are specified and initial estimates in-
dicate that k, = 4k; can be expected. The maximum root stress is required to be less
than 65 percent of the mimimum yield strength of the bolt and the joint cannot sepa-
rate. Determine the minimum required bolt preload to assure that the joint does not
separate and the type of bolt to be used

Crest: may be partially
or fully rounded

o Minor Pitch  Major
diam., d, diam., dp diam., d

¥

Root: For UNR threads (external
only) the root is a tangentially
‘ blended continuous rounded
—I— contour; for UN threads the
NE = root may be flat.

Flank  Thread height

angle




A set of six M8 bolts are used to provide a clamping force of 20 kN between two components
in a machine. If the joint is subjected to an additional load of 18 kN after the initial preload
of 8.5 kN per bolt has been applied, determine the stress in the bolts. The stiffness of the
clamped components can be assumed to be three times that of the bolt material. The

proof stress of the low carbon steel bolt material is 310 MPa.

[EY
~



Table A-17 Fraction of Inches
Preferred Sizes and I 1 1 3 15 31537 189 51137 1 41 43 1 Al A3
&1 32> 160 32> 5+ 32 16 3 16> 5 160 2> T6» 3 16> 5 5> 1 13 13, 15, 2, 25, 23, 25, 3,

Renard (R-Series)
Numbers

3%, 37, 33, 4, 43, 41, 43,5, 53, 55, 53, 6, 63,7, 73, 8, 81,9, 95, 10, 103, 11, 113, 12,

123, 13, 133, 14, 143, 15, 154, 16, 16}, 17, 173, 18, 185, 19, 193, 20
(When a choice can be . 2 2 2 2 2 2 >

made, use one of these Decimal Inches

sizes: howe_"’e“ not 0.010, 0.012, 0.016, 0.020, 0.025, 0.032, 0.040, 0.05, 0.06, 0.08, 0.10, 0.12, 0.16, 0.20, 0.24, 0.30,
all Ij”ﬂns of items are 0.40, 0.50, 0.60, 0.80, 1.00, 1.20, 1.40, 1.60, 1.80, 2.0, 2.4, 2.6, 2.8,3.0,3.2,3.4,3.6,3.8,4.0, 4.2,
available in-all the sizes 4.4,46.48,5.0,52,5.4,5.6,5.8.6.0,7.0,7.5.85,9.0,95, 100, 10.5, 11.0, 11.5, 12.0, 12.5,
shown in the table.) 13.0, 13.5, 14.0, 14.5, 15.0, 15.5, 16.0, 16.5, 17.0, 17.5, 18.0, 18.5, 19.0, 19.5, 20

0.05, 0.06, 0.08, 0.10, 0.12, 0.16, 0.20, 0.25, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 1.0, 1.1, 1.2,
14,15,1.6,1.8,2.0,2.2,2.5,28,3.0,35,4.0,45,50,5.5, 6.0, 65,7.0,8.0,90, 10, 11, 12, 14,
16, 18, 20, 22, 25, 28, 30, 32, 35, 40, 45, 50, 60, 80, 100, 120, 140, 160, 180, 200, 250, 300

Renard Numbers*

1st choice, R5: 1, 1.6, 2.5, 4, 6.3, 10
2d choice, R10: 1.25,2, 3.15, 5, 8
3d choice, R20: 1.12, 1.4, 1.8,2.24, 2.8, 3.55,4.5,5.6,7.1,9

4th choice, R40: 1.06, 1.18, 1.32, 1.5, 1.7, 1.9, 2.12, 2.36, 2.65, 3, 3.35, 3.75,4.25, 4.75, 5.3, 6,
6.7,71.5,8.5,9.5

*May be multiplied or divided by powers of 10.
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Fatigue Loading of Tension Joints

» Fatigue methods of Ch. 6 are directly applicable

» Distribution of typical bolt failures is
> 15% under the head

> 20% at the end of the thread
> 65% 1n the thread at the nut face

» Fatigue stress-concentration factors for threads and fillet are
given in Table 8-16

LA b &t

Table 8-16 SAE Metric Rolled Cut

Grade Grade Threads Threads

Fatigue Stress-
Concentration Factors Ky 0to?2 3.6t035.8 2.2 2.8
for Threaded Elements 4 to 8 6.6 to 10.9 3.0 3.8
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Threads are created by Threads are cut down
displacing material to form by removing material
the roots and crests to create roots.
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Endurance Strength for Bolts

» Bolts are standardized, so endurance strengths are known by
experimentation, including all modifiers discussed in chapter 6.
See Table 8-17.

» Fatigue stress-concentration factor Krshould not be applied to
the nominal bolt stresses.

e Ch. 6 methods can be used for cut threads.

Table 8-17 Grade or Class Size Range Endurance Strength
Fully Corrected SAE 5 L 1in 18.6 kpsi
Endurance Strengthfs for : % 14 16.3 kpsi
Bolts and Screws with — § ol uin 206 kps
Rolled Threads* 472 SR

SAE 8 +-13 in 23.2 kpsi

ISO 8.8 M16-M36 129 MPa

ISO 9.8 M1.6-M16 140 MPa

ISO 109 M5-M36 162 MPa

ISO 12.9 MI1.6-M36 190 MPa

*Repeatedly applied, axial loading, fully corrected.

Shigley's Mechanical Engineering Design




Use of rolled threads is the predominant method of thread-forming in screw
fasteners. In thread-rolling, the amount of cold work and strain-strengthening 1s
unknown to the designer; therefore, fully corrected (including Ky axial endurance
strength is reported in Table 8—17. Since Ky is included as an endurance strength
reducer in Table 8—17, it should not be applied as a stress increaser when using values
from this table. For cut threads. the methods of Chap. 6 are useful. Anticipate that
the endurance strengths will be considerably lower.

Table 8-16 SAE Metric Rolled Cut

. Grade Grade Threads Threads
Fatigue Stress-

Concentration Factors K Oto2 360 3.8 2.2 28

for Threaded Elements 4108 6.6 to 10.9 3.0 3.8

Table 8-17 Grade or Class Size Range Endurance Strength
Fully Corrected ISO 8.8 M16-M36 129 MPa
Endurance Strengths for I1SO 9.8 M1.6-M16 140 MPa

Bolts and Screws with 1SO 10.9 M5-M36 162 MPa
Rolled Threads* I1SO 12.9 M1.6-M36 190 MPa

*Repeatedly applied. axial loading. fully corrected, including K as a strength reducer.




Fatigue Stresses

» With an external load on a per bolt basis fluctuating between P,
and P

max?

Fbmin =4 ¥ i Fi (’3]
Fbmux — Canx + Fi (b]

- (Fbmﬂ_FbmiH}/z = {CPmax+Fi}_{CPmin+Fi}

Ogq

A, 2A;
- C(Pmax — Pminj
Oq = 24,
- _{Fbmax+Fbmin}/2 _(CPmax+Fi)+(CPmin+Fi}
" A; 2A;
ol C(Pmax + Pmin) i
& 2A; A,

Shigley’s Mechanical Engineering DesiGn  n—m
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Yield Check with Fatigue Stresses

» As always, maximum stress must be checked for static yielding,
using Sp instead of Sy.

 In fatigue loading situations, since ¢, and ¢, are already
calculated, 1t may be convenient to check yielding with

Sp

Om + O0g

(8-51)

np =

» This 1s equivalent to the yielding factor of safety from Eq. (8-28).
(8-28)

Sy Sp _ SpA
O (CP+F,)/A; - CP—I—F,

H‘P —

Shigley’s Mechanical Engineering Design




For a general case with a constant preload, and an external load on a per bolt basis
fluctuating between P_; and P__.. a bolt will experience fluctuating forces such that

Fbmin - CPmin + FI (':’:I
Fbmax = CPmax + F:' ”'3:'

Fatigue Factor of Safety

» Fatigue factor of safety based on Goodman line and constant
preload load line,

Se(Sut — 07)

utOs + Se(Om — O;)

Hf=S

e Other failure theories can be used, following the same approach.




Repeated Load Special Case

» Fatigue factor of safety equations for repeated loading, constant
preload load line, with various failure curves:

Goodman:
Se (S — O;
np = e(_ ut — 0j) (8—45]
Oa(Sur + Se)
Gerber:
"= 5 [ m‘\/ S2, +4S¢(Se +07) — S — 20; 5, ] (8-46)
ASME-elliptic:
Se
ng = (Sp‘/S§+S§ —-D';-EHD';SE) (8-47)

0a(S% + 52)

Often, the type of fatigue loading encountered in the analysis of bolted joints is
one in which the externally applied load fluctuates between zero and some maximum
force P.

ngineering Design



For a bolted assembly with eight bolts, the stiffness of each bolt is k;, = 1.0 MN/mm and the
stiffness of the members is £, = 2.6 MN/mm per bolt. The bolts are preloaded to 75 percent
of proof strength. Assume the external load is equally distributed to all the bolts. The bolts are
M6 X 1 class 5.8 with rolled threads. A fluctuating external load is applied to the entire joint
with Pp,, = 60 kN and P, = 20 kN.

(@) Determine the yielding factor of safety.

() Determine the overload factor of safety.

(c) Determine the factor of safety based on joint separation.
(d) Determine the fatigue factor of safety using the Goodman criterion.

N
|



Owopoonikf Siduerpog d=0

Brijua omopeioTog P

Muvio omopuwuansg a0°

Méon SIGueTpog OTTEIPWIPATOS d;=D,=d-0,6485-F

Eoungpnc Serpetpos: Koyhin dy=d-1,2268-P
Nepmodyhou Dy =d-1,0825-F

Babog omopuparog: Koyhia hy=0,6134-P
Mepiadyhou W, =0 5413-P

Axctiva kapmuhdTmTag R=0.1443P

T
A= (52

Miamoul OTEpLwpaTeg

LA W
] a EOWTEDIRS DHILEYDOS Bé&foc owopwparog l;r:
= = (Trupfva) o : %
= g— :Er g
3 = 8 B
o g Koxhia |Mepcoghlou, Koxhla Nepwoyhiou ;:"L <
S a
d‘=D P Dt-di ﬂJ D| h_. H| H - .ﬁ,‘
M1 0,25 0,838 0,653 0.729 0,153 0,135 0,036 1.2 0,46
M2 0,25 1,038 0,833 0,92 0,153 0,135 0,036 1.4 0,73
M 1.6 0,35 1,373 1,170 1,21 0215 {0,168 0,051 1.8 17
M2 04 1,740 1,508 1.567 0,245 o7 0,058 2.4 247
M 2.5 045 208 1 g 2,13 0278 0,244 0,065 28 3.4
M3 05 25 237 2,458 0.307 0.2n 0,072 34 503
M4 o7 3,545 3141 3,242 Da29 0.3 0,101 45 873
M5 0.a 4,480 4018 4,134 040 0,433 0,15 55 142
M6 1 5,350 4773 4m7 0E3 0.541 0,124 6.6 20.1
ME 125 7,188 & 455 G647 0,767 0677 {0,130 ¢ 366
M 10 15 8,026 B.150 8378 0,920 0.812 017 " sap
M 12 1,79 10,863 8853 . 10,106 1,074 0,947 0.253 13,5 B43
M 1B 2 14707 13548 13835 1.227 1.083 0.289 175 157
M 20 25 18,376 16933 17 204 1,534 1,353 0,381 22 245
M 24 3 22.051 20318 20,752 1,840 1,824 0,433 26 Jh3
M 30 3.3 &r 2 25 706 2621 2,147 2,884 0,505 33 561
M 36 4 33402 31093 3B 2454 2 165 057 38 g7
M 42 45 38077 384719 rA 2,780 2,436 0,650 45 112
M 48 5 44,752 41 866 42 587 3067 2,708 0.r22 52 1470
M 56 55 52 A28 44 252 50,046 3374 2917 0,784 &2 2030
M B4 B 80,108 56 6380 57 505 3,681 3,248 0,866 70 25680

Mivakag 6.3 Tpiywwvikd peTpikd omeipwpa kara 1ISO = DIN 13-1 (GimoTaoeg 08 mm)
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An M30 X 3.5 ISO 5.8 bolt 1s used in a joint at recommended preload, and the joint is subject
to a repeated tensile fatigue load of P = 65 kN per bolt. The joint constant 1s C = 0.28. Find
the static load factors and the factor of safety guarding against a fatigue failure based on the

Gerber fatigue criterion.

w
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