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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main ftask of technical committees is to prepare International Standards. Draft International Standdfds
adopted the technical committees are circulated to the member bodies for voting. Publication’ as |an
Internatiorfal Standard requires approval by at least 75 % of the member bodies casting a vote.

In exceptipnal circumstances, when a technical committee has collected data of a different Kind from that
which is nprmally published as an International Standard (“state of the art”, for example), itmay decide by a
simple majority vote of its participating members to publish a Technical Report. A Technical Report is entirely
informative¢ in nature and does not have to be reviewed until the data it provides are gensidered to be no longer
valid or usgful.

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent

rights. IS shall not be held responsible for identifying any or all such patent rights.

[

ISO/TR 16224 was prepared by Technical Committee ISO/TC 2, Fastehers, Subcommittee SC 12, Fasten
with metrig internal thread.
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Technical aspects of nut design

1

Scope

This Technical Report gives information concerning the design criteria for nuts specified in ISO 898-2 so that,
under static tensile overload, the stripping fracture mode is prevented.

The design criteria are also applicable to non-standardized nuts or internally threaded element
mgtric screw threads (in accordance with ISO 68-1) mating with bolts. However, dimensional facto
thg width across flats or other features related to rigidity of nuts, and thread tolerances can affect the
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he individual bolt and nut assemblies. Therefore, it is intended that verification tests becarried d
TE The terms “bolt” and “nut” are used as the general terms for externally and infernally threade
pectively.

Normative references

b following referenced documents are indispensable for the japplication of this document.
brences, only the edition cited applies. For undated references¢the latest edition of the referenced
cluding any amendments) applies.

D 68-1, ISO general purpose screw threads — Basic préfile — Part 1: Metric screw threads
D 724, ISO general-purpose metric screw threads ~-Basic dimensions

D 898-1, Mechanical properties of fasteners made of carbon steel and alloy steel — Part 1: Bolts,

5 with 1ISO
rs such as
loadability
ut.

il fasteners,

For dated
document

crews and

As
C1
C2

C3

dA

dp

ds with specified property classes — Coarsé-thread and fine pitch thread
D 898-2, Mechanical properties of fasteners made of carbon steel and alloy steel — Part 2| Nuts with
peified property classes — Coarsethread and fine pitch thread
D 18265, Metallic materials — €onversion of hardness values
Symbols
e following symbols:apply in this Technical Report.
actualstress area of the bolt, in mm?
hom dominal stress area of the bolt specified in ISO 898-1, in mm?
) shear area of the bolt threads, in mm?2
3 streararesrof thenut-threadsmmm?
modification factor for nut dilation
modification factor for thread bending on the bolt stripping strength
modification factor for thread bending on the nut stripping strength
nominal thread diameter of the bolt, in mm
basic minor diameter conforming to ISO 724, in mm
basic pitch diameter of the thread according to ISO 724, in mm
© 1S0O 2012 — All rights reserved 1
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d3

da

D1
D>
D¢

Dm

FBb

Fm

Fs
Fsp
Fsn

Fy

he

meff

meff,c

Rm

Rmn

Hth

Bb

minor (root) diameter of the bolt, in mm
equivalent diameter of the stress area 4s, in mm
nominal thread diameter of the nut, in mm
minor diameter of the nut, in mm

pitch diameter of the nut, in mm

countersink diameter of the nut, in mm

mean diameter of bell mouthed section of nut in the effective nut height or the length of ,thtd
engagement meff, in mm

tensile load, (general)

bolt breaking load, in N

ultimate tensile load, in N

proof load, in N

stripping load of bolt and nut assembly, in N

bolt thread stripping load, in N

nut thread stripping load, in N

ultimate clamp force, in N

yield clamp force, in N

height of chamfer per end, in mm

height of the fundamental triangle of the-thread according to ISO 68-1, in mm

height of a nut, in mm

critical nut height giving sameprobabilities of stripping and breaking failure modes, in mm
effective nut height, in. mm

critical effective nutheight giving same probabilities of stripping and breaking failure modes, in
thread pitch, in\mm

tensile strength of the bolt material according to ISO 898-1, in MPa

tensilerstrength of the nut material, in MPa

ad

nm

strength ratio

width across flats of the nut, in mm

stress under proof load, in MPa

shear strength/tensile strength ratio
coefficient of friction between threads
shear strength of the bolt material, in MPa

shear strength of the nut material, in MPa
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Design principle

4.1 Possible fracture modes in bolt and nut assemblies subjected to tensile load

Three fracture modes can occur in bolt and nut assemblies under static tensile overload:

bolt breaking when the length of thread engagement is long enough, and the strength of the nut or internal

thread material is high enough;

bolt thread stripping when the length of thread engagement is too short, and the strength of

the nut or
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nut thread stripping when the length of thread engagement is too short, and the strength“of
internal thread material is relatively low.

these fracture modes, bolt breaking is preferable since it indicates the full loadability (performance
i nut assembly. Furthermore, the thread stripping partially induced in the tightening process is difficu
refore, it increases the risk of fracture due to the shortage of the clamp load andfor the loadability i

Calculation of the fracture loads in bolt and nut assemblies

1 General

described in 4.1, in the event of static tensile overload duringtightening a bolt, screw or stud togg
, three possible fracture modes characterized by three different fracture loads can occur:

bolt breaking load (Fpp);
bolt thread stripping load (Fsp);
nut thread stripping load (Fsp).

bse three loads depend principally on the.nut height, the hardness or the material tensile strength
hardness or the material tensile strength of the bolt, and the diameter, pitch and effective lengt
jagement between bolt and nut.

thermore, these three loads-are linked; this means that an increase in the hardness of the nut, fo
uces an increase in the bolt-thread stripping load.

M. Alexanderl®! defined-an analogical model which allows the calculation of these three loads. A b

fail in the stripping fracture mode when static tensile overload is present, because such a failur
etected. Thisimeans that the breaking load in the bolt should be the minimum value between these t

s is the reason different ranges of nut heights and hardness values are defined for regular nuts (g
h nutsy(style 2) as specified in ISO 898-2.

the nut or

of the bolt
It to detect;
n service.

ther with a

of the nut,
h of thread

r example,

olt and nut

sembly conforming-te.1SO 898-1 and ISO 898-2 is basically designed in such a way that the assenpbly should

e could go
nree loads.

tyle 1) and

4.2-2—Bolt-breakingtoad-{+zp)

4.2.21 General

Breaking normally occurs at the middle of the free threaded length in grip; therefore, the breaking load has
nothing to do with the specifications of nuts.

© 1SO 2012 — All rights reserved
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4.2.2.2 Bolt breaking load for purely tensile loading

For bolts in accordance with ISO 898-1, the tensile strength is defined as the ultimate tensile load divided by
the nominal stress area 4snom :

Ry =—"1 (1)
m As,nom
with
z{ds+ds
As, noin = ZL 2 J
where

do iqthe basic pitch diameter of the thread according to ISO 724;

d3 igthe minor diameter of the thread;

"%

dq1 iqthe basic minor diameter according to ISO 724;
H igthe height of the fundamental triangle of the thread according to ISO 68-1.

According|to Equation (1), the stress area 4s nom is used as ancindex to convert the load into stress, or vjce
versa. The tensile strength Ry, obtained by using Equation (1) for full-size bolt does not perfectly coincjde
with the material property. For example, smaller bolts of atvcertain property class, in which the fundamental
deviations|of d2 and d1 are relatively larger, need higherhatrdness or material tensile strength than larger bolts
of the samie property class.

Therefore,| in the design procedure, the actual-Stress area 4s is used instead of Asnom, using the actual
dimensionp of do2 and d4. The breaking load Fgp.can then be obtained as:

FBb = Qm . AS (2)

However, this does not mean thatthereal stress area can be determined only from the geometry of the threpd,
i.e. from the pitch diameter and_the minor diameter. It is well known that the loadability of a bolt is affected hot
only by dimensions but alsa’by the permanent strain distribution in the free threaded portion, induced by the

stress conpentration effect(®). The free threaded length affects the permanent strain distribution, and therefdre,
the loadabjlity of a bolt. The bolt with a shorter free threaded length tends to endure higher tensile load.
4.2.2.3 Bolt breaking load for tightening loading with the combination of tension and torsion
VDI 2230[[gives the following Equation (3) for the calculation of yield clamp force Fy:

F,= Roo.24s (3)

2
3d,( P
1+3{>%2| 11155
\/ {2dA[7rd2 ““‘]}

Equation (3) is based on the maximum distortion energy theory, and assuming the constant yield torsional
stress on the whole sectional area. By using this fracture theory, the bolt breaking load for tightening loading,
i.e. ultimate clamp force Fy can be calculated by substituting Ry for Rpg,2:

Fy= Rnds @)

u 2
143)392[ P 41554,
2dA ﬂdz

4 © 1S0 2012 — All rights reserved



https://standardsiso.com/api/?name=47faf60ca0ced42fb54cd6d196a96da6

ISO/TR 16224:2012(E)

4.2.3 Stripping loads (F'sp, F'sn)

4.2.3.1 Stripping load for purely tensile loading

According to Alexander’s theoryld], the stripping loads Fsp and Fsy, for bolt and nut threads can be obtained
as follows:

{FSb =0,6 Ry, - Agp - Cq1-Cy )
Fgp =0’G'Rmn'ASn C1-C3
whlere
C1 is the modification factor for nut dilation;
C2 and C3 are the modification factors for the thread bending effect, which can be ebtained as|follows:
Cy =—(s/D)? +3,8(s/D)-2,6 (for 14<s/D<19)
C, =5,594 - 13,682R +14,107R42 —6,057R > +0,9353R* (for 1 < R4£2)2)
=0,897 (for Ry <1) (6)
C3 =0,728+1769R, —2,896R;2 +1,296R,>  (for 0,4 < Rg <1)
=0,897 (for Rg2>1)
with R = KmnAsn.
R - Agp
CZ» C3
1,3
1,2
1,1
1
0,9 I
0,897 i i T
08 | | -
0,7 i ! | ! | ! | ! | ! | ! | ! | ! | ! i
04 06 08 1 12 14 16 18 2 22
Rs =RmnASn/RmASb
2 | Nut threadvstripping.
b | Bolt thfead stripping.

— ",
T |5U|e'1'—'Fa‘ct0f3-®'aﬂd'€3'f0f't'hfead'benuuly

Figure 1 shows the relationship between the factors C2 and C3 in relation to the strength ratio Rs. This shows
that the strength ratio Rs determines which thread (bolt or nut) will be stripped when stripping fracture mode
occurs although the stripping load is affected by the strength of the mated part (bolt or nut).

NOTE The experimental and analytical study using FEMI8] shows that the factor C1 calculated by Equation (6) gives
conservative (too small) values for nuts with smaller width across flats. This means that the calculated results for nuts with
small width across flats tend to be safer.

For the calculation of the shear areas in Equation (5), the assumption is that 40 % of the chamfer height is
effective for the actual length of thread engagement mesf; see Figure 2.

© 1SO 2012 — All rights reserved
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Figure 2 — Effective nut height meiffor hexagon nuts

g the assumption shown in Figure 2, the shear@reas Asp and 4sp, for bolt and nut, respectively, d
ed according to Equation (7):
O,Gmeff P 1
— SN .qg-Di{—+(dr—Dq4)—
P 1 {2 ( 2 1) \/5}
0,4m o P 1
L — S0 .x.D. - {—+ d -D -
P m {2 ( 2 m) \/g}
D, =1026D,
Meff P 1
= n-d < —+|d=D>)—

n — 0,64 (foruts with chamfer on one end) and mesf = m — 1,2h¢ (for nuts with chamfers on both eng

4.2.3.2 Stripping-load for tightening loading

The major

effect of the tightening loading on the stripping load is assumed to be the decrease of the sh

areas for b

an

(7)

is).

Ear
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and bearing surfaces; see also 4.3.2.3 and 5.2.

On the other hand, the breaking load in tightening [F, in Equation (4)] also decreases normally by 15 % to 20 %.

4.3 Influencing factors on the loadability of bolt and nut assemblies

4.3.1 Infl

uencing factors based on Alexander’s theory

Table 1 summarizes the influencing factors on Alexander’s theory for the three possible fracture modes
described in 4.2.1, where the magnitude of the effect (direct/indirect/no effect) is indicated for three different
fracture loads as well as for the variable directly concerned.

© 1SO 2012 — All rights reserved
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Table 1 — Summary of the factors affecting the loadability of bolt and nut assemblies

Effect on
Item Factor Variable(s) concerned
FBb Fsp Fsn
Tensile strength, Rm
Bolt Property class Shear strength, 0,6 Rm o o °

(Hardness)
Factors, Co, C3
Shear strength, 0,6 Rmn

Nut Hardness - ° o
Eactors f‘z Ca

Nut Height Shear areas, Asp, Asn — Q o
Nut Width across the flats Factor C4 — ® °

Actual stress area, Ag
Bolt Thread tolerance class Q o o
Shear areas, Asp, Asn

Nut Thread tolerance class Shear areas, 4sp, Asn — o o

Nut Chamfered height/angle Shear areas, Asp, Asn - o o

Actual stress area, Ag
Bolt/nut DIP o o o
Shear areas, Asp, Asn

o | Direct or major effect.
e | Indirect or minor effect.

— | No effect.

4.3.2 Other factors which are not taken into account in Alexander’s theory but may affect the load-
ab|lity of bolt and nut assemblies

4.3.2.1 Shear strength/tensile strength, ratio of the material

In [Equation (5), the shear strength/tensile strength ratio x (= wp/Rm or mn/Rmn) is specified to|0,6 for all
fagteners made of carbon and alloy steels. It is known, however, the shear strength/tensile strength ratio x
is flependent upon the materiakand its property class. VDI 2230071 recommends the shear strer{gth/tensile
strength ratio x shown in Table 2.

Table 2 = Relation between the shear strength/tensile strength ratio x and
the property class of bolts specified in 1ISO 898-1[7]

Property class 4.6 5.6 8.8 10.9 12.9
X ¥ mBb/Rm 0,70 0,70 0,65 0,62 0,60

These-results may be understood as the fact that making the calculation in accordance with Equatign (5) gives
th “bUI 1SCTI1 th;VU” IUDu:tb, Ul t: 1T bdfcl b;dc fUl thU bU:tb ((:IIICIl Iluta) Uf :UVVUI }JIU}JCIty b:abaca. :t ShOU|d be
noted, however, that the influencing factors C2 and C3 were empirically determined. Therefore, the effect of the
shear strength/tensile strength ratio x might be taken into account to some extent in Equation (5).

For other materials (such as stainless steel and non-ferrous metals), the appropriate values of x should be
considered; see Reference [7].

4.3.2.2 Thread pitch difference (error) between bolt and nut

The analytical results by FEMI8] have shown that thread stripping initially occurs at the first mating thread
nearest the bearing surface of a nut since the highest load acts on the smallest shear area at the first mating
thread for the bolt and nut assembly without a thread pitch difference between bolt and nut. Therefore, for bolt
and nut assemblies with a thread pitch difference, the stripping loads Fsp and Fsp can be different from those

© 1S0O 2012 — All rights reserved 7
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without a thread pitch difference since this difference determines the load shared by each thread in the mating
threads. From the thread loadability point of view, the bolt and nut assembly in which the thread pitch of the bolt
is slightly shorter than that of the nut is preferable.

4.3.2.3 Coefficients of friction between threads and between bearing surfaces

As described in 4.2.2.2 and 4.2.3.2, both the breaking load (Fp) and the thread stripping load (Fs) decrease
when tightening load is applied.

The decrease in Fgp is due to the combined stress condition formulated by Equation (4), in which the coefficient

of friction
principally

not clear. This means that bolt breaking is more likely to occur when 4, is greater.

The 5% r
certain rar

In the futu
tightening

5 Calclilation methods of bolt and nut assemblies in accordance with Alexander’s

theory

5.1 Gen

Figure 3 s
property ¢
shear areg
breaking I
by choosirn

The criticgl nut height meft ¢ in Figure 3 is defined as the nut height by which the stripping load of bolt and

assembly
due to the
Therefore,

The fractu
of the tens

In order td
Carlo simd

L babas B—maadiaa theaoda o alaoeh, off tad O thaor bond fl P2 rao. H- »J
At PetweTTT rrattty o noausS 1o ofcarty ancCiCUT Ot a1 UthTeT rrand; o o tIeasSt—ITT 15 OCU

due to the increase in nut dilation during slippage at the mating threads, in which the effect of i

ge of the coefficient of friction.

e, it is recommended that the breaking load Fy (instead of 0,95 Fgp) and a modified factor C1'
instead of C1) be introduced.

eral

immarizes the concept of Alexander’s theory. For a balt'and nut assembly with a specific mate
bmbination, the stripping load of a bolt and nut assembly F's = min (Fsp, Fsp) is proportional to
of the mating threads, i.e. the effective nut height meff or the number of threads mated while
ad Fpyp is not related to it. Therefore, the fracturé mode of a bolt and nut assembly can be control
g the nut height as a parameter.

influencing factors (as shown in Table 1), the resulting critical nut height represents the distributi
the minimum nut height is determined by considering the probability of each fracture mode.

le strength both for belt)and nut materials.

obtain the distribution of the critical nut height (meffc) such as that shown in Figure 3, the Mo
lation method-can be used; see 5.2.

urs
L is

elative reduction of the breaking load in the design procedures described in 5.2 is enly:valid fgr a

for

rial
he
he
ed

nut

s just equal to the bolt breaking load. Since the stripping load and the breaking load have dispersigns

pn.

re loads can be calculated by using Equations (2) and (5), assuming that the shear strength is 64 %

nte
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Figure 3 — Relation among the fracture loads (Fs and Fgp) and the effective nut height

Minimum nut height for nuts with specific hardness range
b procedures to obtain the minimum nut height mmin are summarized as follows:

p 1

p 2:

p 3:

p 4:

p 5:
p 6:
p7
p 8:

p9:

M e

Select the nut material, and determine the minimumntensile strength, i.e. the minimum
for nuts mated with bolts having specific size and property class.

Assume that each variable is normally distributed with the deviation (6 sigma) givenin T
place it in its tolerance zone so that the stripping is more likely to occur.

(meff)

hardness,

bble 3, and

Calculate the breaking load Fgp and:the stripping load Fgs for meff = 1D (see Figure 3) by using

normally distributed random variables.

Calculate the critical effective_nut height mefic for Fs = 0,95Fgp by using the relatig
shown in Figure 3.

Obtain the distribution of the critical (effective) nut height meff c.

Determine the minimum effective nut height meff min as the 10 percentile of meff c.

Obtain the calculated minimum nut height mmin" by using the relation shown in Figure 3.

Determine" the specified maximum nut height mmax by adding the tolerance and ro
number.

Calculate the specified minimum nut height mmin by subtracting the tolerance of the
from Mmax-

n such as

inding the

nut height

© 1SO 2012 — All rights reserved


https://standardsiso.com/api/?name=47faf60ca0ced42fb54cd6d196a96da6

ISO/TR 16224:2012(E)

Table 3 — Assumed deviations for variables concerned

Variables For nuts For bolts
Tensile strength Rmn 60 MPa Rm 60 MPa
Major diameter D — d 20 % of the tolerance
Pitch diameter D2 30 % of the tolerance do 25 % of the tolerance
Minor diameter D1 50 % of the tolerance ds Calculated from P and r
Root radius — — r 0,01 P
Nut height m 60 % of the tolerance — —
Countersirlk angle — 5° — —
Countersinjk diameter D¢ 0,01 D — —

The 5 % rgduction of the breaking load in Step 4 was explained as the relative effect of torque-tension loading in
tightening,|where the breaking load is reduced by combined stress condition described by Equation (4), and the
stripping Igad is reduced by the increase of nut dilation due to the slippage between mating'threads; see 4.2.3.2.

5.3 Minjmum hardness for nuts with specific nut height

Based on [Alexander’s simulation program, the adequate hardness range, far huts with specific nut heights
could only|be obtained by trial and error. Therefore, a simplified and formulated method has been developed to
maintain the clarity of the procedure, and to ensure consistency for futdrerevisions.

The propoped method [9 is based on the assumptions that the hardiess (reversely calculated using the mgan
values of variables obtained from Table 3 under the condition of 0;95F gy, = F's) gives the mean hardness valje,
and that the dispersion in Table 3 can be applied to obtain the minimum hardness value.

For the reyerse calculation, Equation (5) is transformed as

Fsp 70,6- Ry Agp - Cq-C ®)
Fgn 40,6 Ry - Agn - C1- C3 = 0,6 Ry - Agin€y - C

where
C3=Rs-C3

or
Fs =D.6- Ry, - Agp :C3C,, o
C = nin (C2, <C3)

By applying the'cendition of 0,95Fgp = F's, and the inverse functions of C2 and C3*, the strength ratio Rs ¢an
be obtaingdsas

A

R .
o =—Mn 7SN _ _47146+139,5-C,, —135,61-C,2 +44,535-C,,> (for R <1)
R _ R Asn _ 4005_3,468.C,+6,080-C,2~2,472.C.3 (for Rg >1)
R - Asp
where
_ 0954 (1)
" 0,6 4g,-Cy

The tensile strength of nuts obtained from the Rs value can then be converted to the Vickers hardness values
(HV) by using the conversion tables given in ISO 18265.

10 © 1S0 2012 — All rights reserved
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5.4 Proofload

The proof load test on nuts is carried out by using a hardened mandrel having thread tolerance of 5h6g (except

for

d) and a minimum hardness of HRC 45; see ISO 898-2.

Alexanderl®] recommended that the proof load should be calculated by the following procedures:

Step 1: Assume the minimum material and the minimum strength condition for nut and mandrel.

Step 2: Calculate the (nut thread) stripping load Fsn min by using Equation (5) for the mandrel and nut
assembly.

Stgp 3: Calculate the proof load Fp as 0,98 Fsn min considering the difference between the frgcture load
and the proof load. The stress under proof load Sy, is defined as Fp/As nom.

The nut thread stripping load for a mandrel and nut assembly is expected to be higher‘than tha for a bolt

an
prd

6

6.1

Iti
is

(ha
nu
cla

On
nu
de
the

6.2
fo

Fo
prq
sp¢
Th
m4g

perty class 10 by the effect of the factor C3; see Figure 1 and Equation (5).

Comparison among specified values in ISO 898-2 and calculated results

General considerations for obtaining the specified values

5 known that the specifications in ISO 898-2 are based on Alexander’s theory. However, Alexand
he method where the appropriate minimum nut heights.are determined from the specific n
rdness), considering the other specifications of a bolt and-hut assembly; see 5.2. Therefore, thg
heights for a certain size (nominal diameter) originally calculated would be different among th
sses and the types of thread (coarse or fine pitch).

the other hand, in International Standards, twoniut height systems “style 1”7 (regular nuts) and “sty
s) are defined; see ISO 4033, ISO 4034, |SO 8673, ISO 8674, etc. In each style, the nut heigh
bendent upon the nominal diameter. Therefore, modifications of nut minimum hardness were req
proof load or the stress under proof load had to be changed accordingly.

Calculation of the minimum Vickers hardness (HV) and the stress under proof |
individual nuts of style-1"and style 2

of load (Sp) calculated-using the method described in 5.3 for the individual sizes, styles and prope
ecified in 1SO 89822,

e stress undég proof load (Sp), which would be the measure to compare with the tensile strength
terial (Rm)nis defined by Equation (12):

sg e

i nut assembly by approximately 14 % for property class 5, 10 % for property classes'8 and 9, gnd 3 % for

er’s theory
it material
. minimum
e property

le 2” (high
ts are only
uired, and

pad (Sp)

" information, Tables 4,and™ show the minimum Vickers hardness (HV) and the corresponding stress under

rty classes

of the bolt

(12)

p
As, nom

The values are not always the same as those specified in ISO 898-2 since the specified values are subjected
to some “standardizing” processes. However, the difference is not that significant, and the specified values in
ISO 898-2 are thought to be consistent; see 6.3.
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