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Topics Covered

 8–1 Thread Standards and Definitions

 8–2 The Mechanics of Power Screws

 8–3 Threaded Fasteners

 8–4 Joints-Fastener Stiffness

 8–5 Joints Member Stiffness

 8–6 Bolt Strength

 8–7 Tension Joints-The External Load

 8–8 Relating Bolt Torque to Bolt Tension

 8–9 Statically Loaded Tension Joint with Preload

 8–11 Fatigue Loading of Tension Joints

 8–10 Gasketed Joints 

 8–12 Bolted and Riveted Joints Loaded in Shear
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Introduction

 Nonpermanent Joints/ Threaded Fasteners

– Screws

– Bolts/Nuts

– Rivets

 Different names but similar working principle: change 
angular motion to linear motion 

– to transmit power, or 

– to develop large forces for position locking, liquid/gas 
sealing, etc.
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Bolts/Nuts

Screws

Power
Screws
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Power Screws

 A power screw is a device used in 
machinery to change angular motion 
into linear motion, and, usually, to 
transmit power.

Fig 8-4
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High Precision Application: Ball Screws
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8-1 Thread Standards and Definitions:
Geometry and Terminology of External Screw Thread
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Thread Details

 All threads are made according to the right-hand rule unless 
otherwise noted. That is, if the bolt is turned clockwise, the bolt 
advances toward the nut.
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Terminology – Thread Profile
 Pitch (p): distance between adjacent thread forms measured parallel to the 

thread axis

 Major Diameter (d): the largest diameter of a screw thread

 Minor (or root) diameter (dr): the smallest diameter of a screw thread

 Pitch diameter (dp): A theoretical diameter between the major and minor 
diameters (the diameter where the width of the thread and groove are equal)

Crests and roots are actually 
flattened or rounded during the 
forming operation.

Figure 8–1
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Terminology – Thread Profile
 Lead (l): axial distance the mating thread (or nut) advancing in one revolution. 

 Thread height (h): radial distance between major diameter and minor diameter.

 Thread angle ( ): angle between flanks of adjacent threads measured in an 
axial plane.

 Lead angle (l): angle between perpendicular of the screw axis and rise of the 
thread.

Figure 8–1
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Unified Thread Profiles
American National (Unified) Thread Standard

 United States and Great Britain (Unit: inch)

 M and MJ profiles, etc. (Unit: mm)

 Thread angle is 60° and the crests of the thread may be either flat or 
rounded.

𝐻 =
3

 

2
𝑝
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Unified Thread Series

 UNC: Coarse-Pitch Series
 UNF: Fine-Pitch Series
 UNEF: Extra-Fine-Pitch Series
 UNRF: Unified National Round Fine

 Unified threads are specified by stating the nominal major diameter, the 
number of threads per inch (TPI), and the thread series.
– 5/8 in-18 UNRF (0.625 in-18 UNRF): nominal major diameter of 

0.625 in and 18 threads per inch
 Metric threads are specified by writing the nominal major diameter and 

pitch in millimeters, in that order. 
– M12X1.75: nominal major diameter of 12 mm and pitch of 1.75 mm.
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Unified Screw Threads UNC and UNF (Metric Threads) 

ANSI B1.1-1974 and B18.3.1-1978

Minor Diameter: dr =d-1.226869p
Pitch Diameter: dp =d-0.649519p

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑠𝑠 𝐴𝑟𝑒𝑎 =
𝜋

4

𝑑௥ + 𝑑௣

2

ଶ

Table 8-1
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Unified Screw Threads UNC and UNF 

ANSI B1.1-1974 and B18.3.1-1978

Minor Diameter: dr =d-1.299038p
Pitch Diameter: dp =d-0.649519p

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑠𝑠 𝐴𝑟𝑒𝑎 =
𝜋

4

𝑑௥ + 𝑑௣

2

ଶ
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Power Screws - Square Thread and ACME Thread

 Square and Acme threads are used on screws when power is to be 
transmitted.

Square Thread ACME Thread

Table 8-3 Preferred Pitches for ACME Thread

Major Diameter = d
Minor Diameter  dr= d-p

Mean Diameter 𝑑௠ = 𝑑 −
௣

ଶ

Pitch

஠ୢ౨
మ

ସ
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Alternative Power Screw Profiles
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Relationship between Lead vs. Pitch
 For as the lead, and l as the lead angle, and p as the pitch

௠

 Single Thread: 

 Double Thread: 

Single Thread Double Thread
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8-2 The Mechanics of Power Screws

Objectives:

 Estimate needed torque to raise the load; and

 Evaluate structural integrity of the threads.
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Mechanics of A Power Screw (Square Thread Form) 

 Torque required to raise this load (tightening the bolt/screw), and 

 Torque required to lower the load (loosening the bolt/screw)

Lifting
Load

Lowering
Load

PR: Force applied on thread to raise the load.
PL: Force applied on thread to lower the load.

Table 8-4 Coefficient of Friction, f 

𝜓: ℎ𝑒𝑙𝑖𝑥 𝑎𝑛𝑔𝑙𝑒
𝜆: 𝑙𝑒𝑎𝑑 𝑎𝑛𝑔𝑙𝑒 
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By cancelling normal force N,

Divide both numerator and denominator by cos 𝜆 and use

Multiply by the mean radius 𝑑௠ 2⁄ to get torque

Lifting
Load

𝑃ோ − 𝑁 sin 𝜆 − 𝑓𝑁 cos 𝜆 = 0

−𝐹 − 𝑓𝑁 sin 𝜆 + 𝑁 cos 𝜆 = 0

𝑃ோ =
𝐹 𝑠𝑖𝑛𝜆 + 𝑓 cos 𝜆

cos 𝜆 − 𝑓 sin 𝜆

𝑃ோ =
𝐹 𝑙 𝜋𝑑௠⁄ + 𝑓

1 − 𝑓𝑙 𝜋𝑑௠⁄

𝑇ோ =
𝐹𝑑௠

2

𝜋𝑓𝑑௠ + 𝑙

𝜋𝑑௠ − 𝑓𝑙

Lowering
Load

−𝑃௅ − 𝑁 sin 𝜆 + 𝑓𝑁 cos 𝜆 = 0

−𝐹 + 𝑓𝑁 sin 𝜆 + 𝑁 cos 𝜆 = 0

tan 𝜆 =
𝑙

𝜋𝑑௠

𝑃௅ =
𝐹 𝑓 cos 𝜆 − sin 𝜆

cos 𝜆 + 𝑓 sin 𝜆

𝑃௅ =
𝐹 𝑓 − 𝑙 𝜋𝑑௠⁄

1 + 𝑓𝑙 𝜋𝑑௠⁄

𝑇௅ =
𝐹𝑑௠

2

𝜋𝑓𝑑௠ − 𝑙

𝜋𝑑௠ + 𝑓𝑙
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Power Screw Torque Requirement

 Torque required to overcome thread friction and to raise the load

ோ
௠ ௠

௠

 Torque required to overcome thread friction and to lower the load

௅
௠ ௠

௠

 Self-Locking: Prevent screw from slipping when lowering load
– For self-locking condition when lowering the load, ௠ , the 

following condition must satisfy 

௠
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Power Screw Torque Efficiency

 Let COF , torque on frictionless surface:

଴

– since thread friction has been eliminated, this is the torque 
required only to raise the load.

 Define torque efficiency as 
଴

ோ ோ

Is T0 smaller or greater than TR?
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2nd Torque Contribution Term (Wedge Friction)

 For non-square threads, like ACME, additional friction is introduced 
by the thread angle. This is known as the “Wedge” effect.

 Effect of thread angle is simplified by neglecting the compound 
effect of lead angle on thread angle. In this way, normal force 

component on thread should be represented by 
ே

ୡ୭ୱ ఈ

 The frictional torque for raising the load is: 

ோ
ிௗ೘

ଶ

௟ାగ௙ ೘ ୱୣୡ ఈ

గௗ೘ି௙௟ ୱୣୡ ఈ

 Note that for ACME Thread: 

Fig 8-7a
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3rd Torque Contribution Term (Collar/Shoulder Friction)

 In case a collar or shoulder is used to support the 
axial load or exert preload on joints, this friction 
also needs to be overcome in order to tighten or 
loosen the joint.

 Henceforth, the total torque for tightening a joint is

Fig 8-7b
௖

௖ ௖

ோ
௠ ௠

௠

௖ ௖

Table 8-6 Coefficient of Friction, fc 
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Load Sharing Among Power Screw Threads
 The engaged threads don’t share the load equally. 

 Experiments showed that the first engaged thread (FET) carries 0.38 
of the load, the second 0.25, the third 0.18, and the seventh is free of 
load.

 Use 0.38F and nt =1 for the maximum stress on power screw thread 
form
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Static Thread Stresses

On Thread Body

 Torsional stress during tightening
ଵ଺ ்

గௗೝ
య

 Axial stress
ி

஺೟

– Threaded Fastener: See Table 8-1, 8-2 for ௧

– Power Screw: ௧
గௗೝ

మ

ସ

Fig 8-8
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Static Thread Stresses

On Thread Flank Face

 Bearing stress:  ஻
ி

గௗ೘௡೟ ௣ ଶ⁄

ଶி

గௗ೘௡೟௣

– nt: number of engaged threads

Fig 8-8

Table 8-4 Screw Bearing Pressure
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Static Thread Stresses

At Thread Root

 Bending Stress 
௥ ௧

ଷ

௕
௥ ௧

 Transverse (or Punching) Shear 

– @Center of Root  
ଷ௏

ଶ஺

ଷ

ଶ

ி

గௗ೘௡೟ ௣ ଶ⁄

ଷி

గௗ೘௡೟௣

 Shear force acting at the root radius balances the torsion, T.

௥ ௧
௥ ௥

ଶ
௧
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Failure Assessment for Static Power Screw Threads

 Component Stresses at Thread Root:

௫
௥ ௧

௫௬

௬
௥
ଶ ௬௭

௥
ଷ

௭ ௭௫
௥
ଶ

௧

 Typical static failure assessment methods (MSST or 
DET) can be applied for power screw threads analysis.

Fig 8-8

𝜎௘ =
1

2
  𝜎௫ − 𝜎௬

ଶ
+ 𝜎௬ − 𝜎௭

ଶ
+ 𝜎௭ − 𝜎௫

ଶ + 6 𝜏௫௬
ଶ + 𝜏௬௭

ଶ + 𝜏௭௫
ଶ

ଵ ଶ⁄
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Example 8-1

A square-thread power screw has a major diameter of 32 mm and a pitch of 4 
mm with double threads, and it is to be used in an application similar to that in 
Fig. 8–4.

Given f = fc = 0.08, dc = 40 mm, and F = 6.4 kN per screw.

Find:

(a) thread depth, thread width, pitch diameter, minor diameter, and lead.

(b) torque required to raise and lower the load

(c) efficiency during lifting the load

(d) body stresses, torsional and compressive

(e) bearing stress

(f) thread bending stress at the root of the thread

(g) von Mises stress at the root of the thread

(h) maximum shear stress at the root of the thread.

Fig 8-4
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Example 8-1 (Cont’d)
Solution:

(a) Find thread depth, thread width, pitch diameter, minor diameter, and lead.

Major diameter d=32mm; Pitch p=4mm; 

Minor diameter dr=d-p=32-4=28mm

Mean diameter dm=d-p/2=32-4/2=30mm

Lead l=np=2(4)=8mm

Thread width= 
௣

ଶ
= 2𝑚𝑚; Thread depth= 

௣

ଶ
= 2𝑚𝑚

(b) Find the torque required to raise and lower the load

Torque required to raise the load

𝑇ோ =
𝐹𝑑௠

2

𝑙 + 𝜋𝑓𝑑௠

𝜋𝑑௠ − 𝑓𝑙
+

𝐹𝑓௖𝑑௖

2

=
6400 ȉ 30

2

8 + 𝜋 ȉ 0.08 ȉ 30

𝜋30 − 0.08 ȉ 8
+

6400 ȉ 0.08 ȉ 40

2
= 26180 𝑁 ȉ 𝑚𝑚 = 26.18 𝑁 ȉ 𝑚

Torque required to lower the load

𝑇௅ =
𝐹𝑑௠

2

𝜋𝑓𝑑௠ − 𝑙

𝜋𝑑௠ + 𝑓𝑙
+

𝐹𝑓௖𝑑௖

2

=
6400 ȉ 30

2

𝜋 ȉ 0.08 ȉ 30 − 8

𝜋30 + 0.08 ȉ 8
+

6400 ȉ 0.08 ȉ 40

2
= 9770 𝑁 ȉ 𝑚𝑚 = 9.77 𝑁 ȉ 𝑚
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Example 8-1 (Cont’d)

Solution:

(c) Find the efficiency during lifting the load

Overall efficiency 
ி௟

ଶగ்ೃ

଺ସ଴଴ȉ଼

ଶగȉଶ଺ଵ଼଴

(d) Find the body stresses, torsional and compressive. 

Thread body shear stress 
ଵ଺ ்ೃ

గௗೝ
య

ଵ଺ȉଶ଺ଵ଼଴

గȉଶ଼య

Power Screw ௧
గௗೝ

మ

ସ

గଶ మ

ସ
ଶ

Axial nominal stress 
଺ସ଴଴

଺ଵ଺

(e) Find the bearing stress

Assume one thread (nt=1) carrying 0.38F

஻
ி

గௗ೘௡೟ ௣ ଶ⁄

଴.ଷ଼ȉ଺ସ଴଴

గȉଷ଴ȉଵȉଶ

(f) Find the thread bending stress at the root of the thread.

௕
ெ௖

ூ

଺ி

గௗೝ௡೟௣

଺ȉ଴.ଷ଼ȉ଺ସ଴଴

గȉଶ଼ȉଵȉସ
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Example 8-1 (Cont’d)

Solution:

Tangential shear stress:

𝜏௭௫ = −
4𝑇

𝜋𝑑௥
ଶ𝑛௧𝑝

= −4.04 𝑀𝑃𝑎

(g) Determine the von Mises stress at the root of the thread.

σx = 41.5 MPa txy = 0

σy = −10.39 MPa tyz = 6.07 MPa

σz = 0 tzx = -4.04 MPa

Von Mises Stress is:

𝜎௘ =
1

2
  𝜎௫ − 𝜎௬

ଶ
+ 𝜎௬ − 𝜎௭

ଶ
+ 𝜎௭ − 𝜎௫

ଶ + 6 𝜏௫௬
ଶ + 𝜏௬௭

ଶ + 𝜏௭௫
ଶ

ଵ ଶ⁄

𝜎௘ =
1

2
  41.5 − −10.39

ଶ
+ −10.39 − 0 ଶ + 0 − 41.5 ଶ + 6 0 + 6.07ଶ + 4.04ଶ

ଵ ଶ⁄

= 49.2 𝑀𝑃𝑎
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8-3 Threaded Fasteners
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Examples of Threaded Fasteners

 Hexagon-head bolt and 
nuts

 Cap-screws
– fillister head;

– flat head;

– hexagonal socket head.
Figure 8–9

Figure 8–10

Figure 8–12
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Unified Screw Threads UNC and UNF (Metric Threads) 

ANSI B1.1-1974 and B18.3.1-1978

Minor Diameter: dr =d-1.226869p
Pitch Diameter: dp =d-0.649519p

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑠𝑠 𝐴𝑟𝑒𝑎 =
𝜋

4

𝑑௥ + 𝑑௣

2

ଶ

Table 8-1
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Unified Screw Threads UNC and UNF 

ANSI B1.1-1974 and B18.3.1-1978

Minor Diameter: dr =d-1.299038p
Pitch Diameter: dp =d-0.649519p

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑠𝑠 𝐴𝑟𝑒𝑎 =
𝜋

4

𝑑௥ + 𝑑௣

2

ଶ
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Bolt/Screw Geometric and Structural Information
Metric USCS Provided Information

Table 8-1 Table 8-2 Diameters, Areas, TPI of Coarse-Pitch and Fine- Pitch Threads

Table 8–9 SAE Specifications for Steel Bolts (Min Proof/Tensile/Yield Strength)

Table 8-10 ASTM Specifications for Steel Bolts (Min Proof/Tensile/Yield Strength)

Table 8-11 Steel Bolts, Screws, and Studs (Min Proof/Tensile/Yield Strength)

Table A–29 Table A–29 Bolt head dimensions of Square and Hexagonal Bolts

Table A–30 Table A–30 Screw head dimensions of Hexagonal Cap Screws and Heavy Hexagonal Screws

Table A–31 Table A–31 Dimensions of Hexagonal Nuts

Table A–33 Table A–32 Dimensions of Plain Washers

Table 8–4 Table 8–4 Screw Bearing Pressure Pb

Table 8–5 Table 8–5 Coefficients of Friction f for Threaded Pairs

Table 8–6 Table 8–6 Thrust-Collar Friction Coefficients

Table 8–7 Table 8–7 Procedure for Finding Fastener Stiffness

Table 8–8 Table 8–8 Simplified Member Stiffness Calculation: Parameters of Various Member Materials

Table 8-12 Load Sharing based on Bolt and Member Stiffnesses.

Table 8-15 Table 8-15 Torque Factors K for Use with Eq 8-27

Table 8-16 Table 8-16 Fatigue Stress-Concentration Factors Kf for Threaded Elements

Table 8-17 Table 8-17 (P.445) Fully Corrected Endurance Strengths for Bolts and Screws with Rolled Threads
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Structural Risks of Nonpermanent Joints

 In most cases the threat is from overproof loading of fasteners.

 The threat from fatigue is low and deterministic method is adequate.

 Washers must always be used under the bolt head

 During tightening, the first thread of the nut tends to take the entire 
load; but yielding occurs, which eventually further distributed the 
loading over about three nut threads. For this reason, nuts should 
never be re-used.
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8-4 Joints: Fastener Stiffness
8-5 Joints: Member Stiffness
Final joint stiffness is the combination of fastener and member.
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Fasteners

Members

Joint = Fastener + Members
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Q: How many joints needed?



43Sichuan University - Pittsburgh Institute

Q: What are the tension/compression acting 
on each joint?



44Sichuan University - Pittsburgh Institute

Fastener
Stiffness

Member
Stiffness

Questions: 
How many joints are needed?
What are the tension/compression acting on 
each joint?

௝௢௜௡௧ ௙௔௦௧௘௡௘௥ ௠௘௠௕௘௥
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Why Joints Have to be Tightened?

Ptotal

Tension

Compression

Bolt: Tension
Members: Compression

 Purpose of a joint is to clamp two, or more, parts together. 

 Clamping force is produced by twisting the nut stretches 
the bolt to produce the clamping force. 

 This clamping force is called the pretension or bolt 
preload.
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Gaskets or O-Ring Seals for Leakage Prevention

Ptotal

Gasket O-Ring
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Fastener Stiffness Calculation

 Fastener Length: L

 Thread Length: LT
 Grip Length: 

 Length of Unthreaded Portion in Grip: ௗ ்

 Length of Threaded Portion in Grip: ௧ ௗ

 Stress Area of Unthreaded Portion: ௗ
ଶ

 Stress Area of Threaded Portion: ௧ (Table 8-1 & 8-2)

 Stiffness of Unthreaded Portion: ௗ
஺೏ா

௟೏

 Stiffness of Threaded Portion: ௧
஺೟ா

௟೟

 Fastener Effective Stiffness ௕

௕

ௗ ௧

ௗ ௧

ௗ ௧

ௗ ௧

ௗ ௧ ௧ ௗ

kd

kt
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Table 8-7 Procedure for Finding Fastener Stiffness
Given fastener diameter d and pitch p in mm or number of threads per inch

Fig. (a)

Fig. (b)



49Sichuan University - Pittsburgh Institute

8-5 Joints: Member Stiffness
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Member 3

Member 2

Member 1

Member 4

Member Stiffness Calculation

 Multiple members can be included in the 
grip of the fastener. All together these act 
like compressive springs in series.

 Total Member Stiffness

௠ ଵ ଶ ௜

 Experimental technique was used to 
determine the pressure distribution at 
member interface. Its effective zone is 
approximated by the pressure cone  
method.
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Member Stiffness Calculation (Pressure Cone Method)

Compression of an conical element with thickness dx is 
௉ ௗ௫

ா஺

Area of the element ௢
ଶ

௜
ଶ ஽

ଶ

ଶ ௗ

ଶ

ଶ

Frustum compression 
௉

గாௗ ୲ୟ୬ ఈ

ଶ௧ ୲ୟ୬ ఈା஽ିௗ ஽ାௗ

ଶ௧ ୲ୟ୬ ఈା஽ାௗ ஽ିௗ

௧

଴

Frustum Stiffness 
௉

ఋ

గாௗ ୲ୟ୬ ఈ

୪୬
మ೟ ౪౗౤ ഀశವష೏ ವశ೏

మ೟ ౪౗౤ ഀశವశ ವష೏

Fig 8-15

Effective Zone

a: Cone Angle
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Member Stiffness Calculation (Pressure Cone Method)

Frustum Stiffness 
௉

ఋ

గாௗ ୲ୟ୬ ఈ

୪୬
మ೟ ౪౗౤ ഀశವష೏ ವశ೏

మ೟ ౪౗౤ ഀశವశ೏ ವష೏

Effective Zone

a: Cone Angle

Questions: 
D = ?
d = ?
t = ?
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Member Stiffness Calculation (Pressure Cone Method)

Frustum Stiffness 
௉

ఋ

గாௗ ୲ୟ୬ ఈ

୪୬
మ೟ ౪౗౤ ഀశವష೏ ವశ೏

మ೟ ౪౗౤ ഀశವశ ವష೏

Must be solved separately for each frustum in the joint and assembled 
to obtain member stiffness ௠.

Total Member Stiffness: 
ଵ

௞೘

ଵ

௞భ

ଵ

௞మ

ଵ

௞೔

k1

k2

D

l

Regardless of member 
thickness, depth of the 
frustum is always half of 
the grip length.

Question: How many 
frustums in this case?
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Member Stiffness Calculation (Pressure Cone Method)

 For most combinations, 25o≤a≤33o

 In this book a=30deg was recommended for hardened steel, cast 
iron, or aluminum members

 Simplification #1: Joint members have the same Young’s modulus E 
with symmetrical frusta back to back

௠
గாௗ ୲ୟ୬ ఈ

୪୬
೗ ౪౗౤ ഀ ೢష೏ ೏ೢశ೏

೗ ౪౗౤ ഀ ೢశ೏ ೏ೢష೏

 Simplification #2: For a=30deg and washer diameter dw=1.5d, 
member stiffness ௠ is reduced to 

௠
଴.ହ଻଻ସ గாௗ

ଶ ୪୬
ఱ బ.ఱళళర ೗ శబ.ఱ೏

బ.ఱళళర ೗ శమ.ఱ೏

 Refer to P.427- 428 for more discussions of cone angle a

km=k/2
l=2t
D=dw=washer face diameter
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Member Stiffness Calculation (Simplification #3)

FEA was used to seek simplification in calculation procedures.

Assumptions:

 a=30deg 

 washer diameter D=1.5d

 Ignore washer stiffness

 Two members with same thickness and use same material

Member Equivalent Stiffness
௞೘

ாௗ

஻ௗ

௟

Table 8-8
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Example 8-2 (Bolt with Nut)
Given: Two plates are clamped by washer-faced ½ in-20 UNF × 1 ½ in 
SAE grade 5 bolts each with a standard steel plain washer.

Calculate:

 member spring rate ௠ if the top plate is steel and the bottom plate 
is gray cast iron

 member spring rate ௠ if both plates are steel and have equal 
thickness by method of conical frusta

 member spring rate ௠ if both plates are steel using Eq. (8–23) 

 bolt spring rate ௕

Steel

Gray
Cast Iron
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Example 8-2 (Cont’d)

Table A–32 ► thickness of a standard 1/2 N plain washer is 0.095 in.

As shown in figure, the frusta extend halfway into the joint.

Steel

Gray
Cast Iron
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Example 8-2 (Cont’d)

Member Spring Rate

Upper frustum thickness: Washer + Steel Plate=0.6725-0.0775=0.595”

𝑘 =
గாௗ ୲ୟ୬ ఈ

୪୬
మ೟ ౪౗౤ ഀశವష೏ ವశ೏

మ೟ ౪౗౤ ഀశವశ೏ ವష೏

=
గ ଷ଴ȉଵ଴ల ȉ଴.ହȉ଴.ହ଻଻ସ

୪୬
మȉబ.ఱవఱȉబ.ఱళళరశబ.ళఱషబ.ఱ బ.ళఱశబ.ఱ

మȉబ.ఱవఱȉబ.ఱళళరశబ.ళఱశబ.ఱ బ.ళఱషబ.ఱ

= 30.8 ȉ 10଺ 𝑙𝑏𝑓/𝑖𝑛

Upper cast iron frustum thickness=0.0775”

𝑘 =
గாௗ ୲ୟ୬ ఈ

୪୬
మ೟ ౪౗౤ ഀశವష೏ ವశ೏

మ೟ ౪౗౤ ഀశವశ೏ ವష೏

=
గ ଵସ.ହȉଵ଴ల ȉ଴.ହȉ଴.ହ଻଻ସ

୪୬
మȉబ.బళళఱȉబ.ఱళళరశభ.రయళషబ.ఱ భ.రయళశబ.ఱ

మȉబ.బళళఱȉబ.ఱళళరశభ.రయళశబ.ఱ భ.రయళషబ.ఱ

= 285.6 ȉ 10଺ 𝑙𝑏𝑓/𝑖𝑛

Lower cast iron frustum thickness=0.6725”

𝑘 =
గாௗ ୲ୟ୬ ఈ

୪୬
మ೟ ౪౗౤ ഀశವష೏ ವశ೏

మ೟ ౪౗౤ ഀశವశ೏ ವష೏

=
గ ଵସ.ହȉଵ଴ల ȉ଴.ହȉ଴.ହ଻଻ସ

୪୬
మȉబ.లళమఱȉబ.ఱళళరశబ.ళఱషబ.ఱ బ.ళఱశబ.ఱ

మȉబ.లళమఱȉబ.ఱళళరశబ.ళఱశబ.ఱ బ.ళఱషబ.ఱ

= 14.15 ȉ 10଺ 𝑙𝑏𝑓/𝑖𝑛

Total frustum spring rate:
1

𝑘௠
=

1

30.8 ȉ 10଺
+

1

285.6 ȉ 10଺
+

1

14.15 ȉ 10଺

𝑘௠ = 9.378 ȉ 10଺ 𝑙𝑏𝑓/𝑖𝑛

Steel

Gray
Cast Iron
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Example 8-2 (Cont’d)
Simplification #2: Member Spring Rate (Both are steel and equal thickness)

Frustum thickness 𝑙 = 2 ∗ 0.6725 = 1.345 𝑖𝑛 

𝑘௠ =
଴.ହ଻଻ସ గாௗ

ଶ ୪୬
ఱ బ.ఱళళర ೗ శబ.ఱ೏

బ.ఱళళర ೗ శమ.ఱ೏

=
଴.ହ଻଻ସ గ ଷ଴ȉଵ଴ల  ଴.ହ

ଶ ୪୬
ఱ బ.ఱళళరȉ .యరఱ శబ.ఱȉబ.ఱ

బ.ఱళళరȉ .యరఱ శమ.ఱȉబ.ఱ

= 14.64 ȉ 10଺ 𝑙𝑏𝑓/𝑖𝑛

Simplification #3: Member Spring Rate (Both are steel and equal thickness)
௞೘

ாௗ
= 𝐴 𝑒𝑥𝑝

஻ௗ

௟
= 0.78715 𝑒𝑥𝑝

଴.଺ଶ଼଻ଷ .ହ

ଵ.ଷସହ

𝑘௠ = 14.92 ȉ 10଺ 𝑙𝑏𝑓/𝑖𝑛

Bolt Spring Rate (Table 8-7)

𝐿் = 2𝑑 +
1

4
= 2 ȉ 0.5 + 0.25 = 1.25 𝑖𝑛

𝑙ௗ = 𝐿 − 𝐿் = 1.5 − 1.25 = 0.25 𝑖𝑛
𝑙௧ = 𝑙 − 𝑙ௗ = 1.345 − 0.25 = 1.095 𝑖𝑛

𝐴ௗ =
𝜋 ȉ 0.5ଶ

4
= 0.1963 𝑖𝑛ଶ

𝐴௧ = 0.1599 𝑖𝑛ଶ (Table 8-2)

𝑘௕ =
𝐴ௗ𝐴௧𝐸

𝐴ௗ𝑙௧ + 𝐴௧𝑙ௗ
=

0.1963 ȉ 0.1599

0.1963 ȉ 1.095 + 0.1599 ȉ 0.25

𝑘௕ = 3.69 ȉ 10଺ 𝑙𝑏𝑓/𝑖𝑛 (Generally 𝑘௕ < 𝑘௠)

Question: Which should fail first?
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Example 8-5 (Tapped Joint)
Figure 8–21 shows a connection using cap screws. The joint is subjected to a fluctuating 
force whose maximum value is 5 kip per screw. 
 Cap screw, 5/8 in-11 UNC, SAE 5; 
 Hardened-steel washer, tw = 1/16 in thick; 
 Steel cover plate, t1 =5/8in, Es = 30 Mpsi; 
 Cast-iron base, t2 = 5/8in, Eci = 16 Mpsi.

Find kb and km using the assumptions given in the caption of Fig. 8–21.

Solution:

Number of frustums in the joint = ??
 the upper two frusta are steel and
 the lower one is cast iron.

ℎ = 𝑡ଵ + 𝑡௪ =
ହ

଼
+

ଵ

ଵ଺
=

ଵଵ

ଵ଺
= 0.6875𝑖𝑛

𝐷ଶ = 1.5𝑑 = 1.5 ȉ
5

8
= 0.9375 𝑖𝑛

Since t2=d, effective grip

𝑙 = ℎ +
𝑑

2
=

11

16
+

1

2

5

8
= 1 𝑖𝑛

Table 8-7:

𝑙 = 𝑡ଵ + 𝑡௪ +
min (𝑡ଶ, 𝑑)

2
𝐷ଵ = 𝑑௪ + 𝑙 ȉ tan 𝛼

𝐷ଶ = 𝑑௪ = 1.5 𝑑

1

2

3
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Example 8-5 (Cont’d)

Upper Frustum #1: 𝑡 =
௟

ଶ
= 0.5 𝑖𝑛, 𝐷 = 0.9375 𝑖𝑛, 𝑑 =

ହ

଼
 𝑖𝑛, 𝛼 = 30𝑑𝑒𝑔, 𝐸 = 𝐸௦

Frustum dia @Interface: 𝑑௪ + 2 𝑙 − ℎ ȉ tan 𝛼 = 1.2983 𝑖𝑛

Middle Frustum #2: 𝑡 = 𝑡ଶ = ℎ −
௟

ଶ
= 0.1875 𝑖𝑛, 𝐷 = 1.2983 𝑖𝑛, 𝑑 =

ହ

଼
 𝑖𝑛, 𝛼 = 30𝑑𝑒𝑔, 𝐸 = 𝐸௦

Bottom Frustum #3: 𝑡 = 𝑙 − ℎ = 0.3125 𝑖𝑛, 𝐷 = 0.9375 𝑖𝑛, 𝑑 =
ହ

଼
 𝑖𝑛, 𝛼 = 30𝑑𝑒𝑔, 𝐸 = 𝐸௖௜

Total member stiffness: 1

2

3
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Example 8-5 (Cont’d)
Bolt Stiffness:

Cap screw is threaded all the way

From Table 8-2, stress area in the thread: 𝐴௧ = 0.226 𝑖𝑛ଶ

Effective grip length: 𝑙 = ℎ +
ௗ

ଶ
=

ଵଵ

ଵ଺
+

ଵ

ଶ

ହ

଼
= 1 𝑖𝑛

Hence, bolt stiffness is
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Summary of Pressure Cone Method
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Joint Stiffness Calculation

1. Bolt Stiffness 𝒃

௕
௞೏௞೟

௞೏ା௞೟

஺೏஺೟ா

஺೏௟೟ା஺೟௟೏

2. Member Stiffness (Pressure Cone Method)
௉

ఋ

గாௗ ୲ୟ୬ ఈ

୪୬
మ೟ ౪౗౤ ഀశವష೏ ವశ೏

మ೟ ౪౗౤ ഀశವశ೏ ವష೏

(Method #1)

Let joint members have the same material, 
km=k/2; l=2t; a=30deg and washer diameter 
dw=1.5d

௠
଴.ହ଻଻ସ గாௗ

ଶ ୪୬
ఱ బ.ఱళళర ೗ శబ.ఱ೏

బ.ఱళళర ೗ శమ.ఱ೏

(Method #2)

or   
௞೘

ாௗ

஻ௗ

௟
(Method #3)
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Effective Grip Length
 Height of the pressure cone depends on the grip length, Lg, which is the 

combined thickness of the parts being clamped in the joint.

 Bolt with Nut

– pressure cone starts under the head of the bolt and ends under the nut 

– frustum diameters in this case is determined using the diameters of the 
bearing faces

 Tapped Joint (Cap Screw)

– pressure cone starts under the head of the bolt and ends in the 
threaded portion of the final plate. 

𝐿௚ = 𝑡ଵ + 𝑡௪ +
𝑚𝑖𝑛 𝑡ଶ, 𝑑

2

t1

t2

𝐿௚ = 𝑡ଵ + 𝑡ଶ + 2𝑡௪
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8-6 Bolt Strength

 Typically the bolt fails first. 

– It is the least expensive

– It is the most easily replaced
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Bolt Strength

 Proof Load: Maximum load that a bolt can withstand without 
acquiring a permanent set (force)

 Proof Strength: proportional limit and corresponds to 0.0001-in 
permanent set in the fastener (stress)

 Minimum Strength Specification of Steel Bolts

– Table 8-9 (SAE), p.425

– Table 8-10 (ASTM), p.426

– Table 8-11 (Metric Bolts), p.427

 The grade of the nut should be the same grade as the bolt.
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Min Proof Strength/Min Tensile Strength/Min Yield Strength

Proof strength is less 
than yield strength
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Bolt Failures

 With washer protection of the shoulder fillet and thread runout ≤15o. 
Bolts in fatigue axial loading failed mostly at:

1. Fillet under head (~15%)

2. Thread runout (~20%)

3. First engaged thread in the nut (~65%)

1

2

3
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8-7 Tension Joints: The External Load

 Total load acting on each joint is the summation of preload and external load

Bolt: Tension
Members: Compression

Preload
External

Load

Total
Joint
Load
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Load-Sharing Between Bolt and Members

௧௢௧௔௟ = Total external tensile load applied to the joint

= external tensile load per bolt    

௕ ௠
௉೟೚೟ೌ೗

ே ௕ ௠

௕ = portion of P taken by bolt

௠ = portion of P taken by members

Fraction of P carried by bolt  
௞್

௞್ା௞೘

௕ ௠

C is also known as the Stiffness Constant of the Joint

௜ = bolt preload

Resultant Bolt Load  ௕ ௕ ௜ ௜

Resultant Member Load  ௠ ௠ ௜ ௜

Question: Why is the sign different?
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Load-Sharing Between Bolt and Members

 Table 8–12: Steel members clamped using a 
ଵ

ଶ
bolt

 Noted that:

– members take 80+ percent of the external load

– making the bolt grip longer causes the members to take an even 
greater percentage of the external load. Why?
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8-8 Relating Bolt Torque to Bolt Tension
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Question: Preload is applied to any fastener. How to ensure 
the preload is developed and at its desired magnitude?
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Bolt Preload Control

 In industrial applications, bolt preload is generated and controlled by

– Torque wrench (most controllable and accurate)

– Pneumatic-impact wrench

– Turn-of-the-nut method (very time-consuming with wishy-washy 
outcome)
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Relationship Between Bolt Preload and Torque

Given


௟

గௗ೘

 Washer dia= ௠ ௖
ௗାଵ.ହௗ

ଶ

ோ
ௗ೘

ଶௗ

୲ୟ୬ ఒା௙ ୱୣୡ ఈ

ଵି௙ ୲ୟ୬ ఒ ୱୣୡ ఈ ௖ ௜ ௜

ௗ೘

ଶௗ

୲ୟ୬ ఒା௙ ୱୣୡ ఈ

ଵି௙ ୲ୟ୬ ఒ ୱୣୡ ௖

 K is the torque factor

 K=0.2 is the most commonly used torque factor

ோ
௜ ௠ ௠

௠

௜ ௖ ௖

𝑇ோ =
𝐹௜𝑑௠

2

tan 𝜆 + 𝑓 sec 𝛼

1 − 𝑓 tan 𝜆 sec 𝛼
+

𝐹௜𝑓௖𝑑௖

2

Table 8-15
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Example 8-3

A 
ଷ

ସ
in-16 UNF ×

ଵ

ଶ
in SAE grade 5 bolt is subjected to a load P of 6 kip in a 

tension joint. The initial bolt tension is Fi = 25 kip. 

Bolt stiffness kb = 6.50 Mlbf/in and Joint Stiffness km = 13.8 Mlbf/in

 Determine the preload and service load stresses in the bolt. Compare these 
to the SAE minimum proof strength of the bolt.

 Specify the torque necessary to develop the preload, using Eq. (8–27).

 Specify the torque necessary to develop the preload, using Eq. (8–26) with 
f=fc = 0.15.

Solution: 

For 
ଷ

ସ
in-16 UNF ×

ଵ

ଶ
in bolt, from Table 8-2, ௧

ଶ

Preload stress in threaded area: 
ி೔

஺೟

ଶହ

଴.ଷ଻ଷ

Stiffness Constant 
௞್

௞್ା௞೘

଺.ହ

଺.ହାଵଷ.଼

Stress under service load   
ி್

஺೟

஼௉ାி೔

஺೟

଴.ଷଶȉ଺ାଶହ

଴.ଷ଻ଷ
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ANSI B1.1-1974 and B18.3.1-1978

Minor Diameter: dr =d-1.299038p
Pitch Diameter: dp =d-0.649519p

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑠𝑠 𝐴𝑟𝑒𝑎 =
𝜋

4

𝑑௥ + 𝑑௣

2

ଶ
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Example 8-3 (Cont’d)

For  
ଷ

ସ
in-16 UNF × 2

ଵ

ଶ
in SAE grade 5 bolt, min proof strength Sp=85 ksi (Table 8-9)

Stress under service load 
ி್

஺೟
=

஼௉ାி೔

஺೟
=

଴.ଷଶȉ଺ାଶହ

଴.ଷ଻ଷ
= 72.17 𝑘𝑠𝑖 < 𝑆௣

Torque for preload 𝑇 = 𝐾𝐹௜𝑑 = 0.2 ȉ 25000 ȉ 0.75 = 3750 𝑖𝑛 ȉ 𝑙𝑏𝑓

Use Eq 8-26 for preload calculation

Table 8-2, Minor Dia Area 𝐴௥ = 0.351 𝑖𝑛ଶ

Minor Dia: 𝑑௥ =
ସ஺ೝ

గ

 
= 0.6685 𝑖𝑛

Mean Dia: 𝑑௠ =
଴.଻ହା଴.଺଺଼ହ

ଶ
= 0. 7093 𝑖𝑛 

For UNC/UNF thread, 𝛼 = 30°

tan 𝜆 =
௟

గௗ೘
=

ଵ ଵ⁄

గȉ଴.଻଴ଽଷ
= 0.0280 𝜆 = 1.6066°

𝑇ோ =
ௗ೘

ଶௗ

୲ୟ୬ ఒା௙ ୱୣୡ ఈ

ଵି௙ ୲ୟ୬ ఒ ୱୣୡ ఈ
+ 0.625𝑓௖ 𝐹௜𝑑

𝑇ோ =
଴.଻଴ଽଷ

ଶȉ଴.଻ହ

୲ୟ୬ ଵ.଺଴଺଺°ା଴.ଵହȉୱୣୡ ଷ଴°

ଵି଴.ଵହ ȉ୲ୟ୬ ଵ.଺଴଺଺° ୱୣୡ ଷ଴°
+ 0.625 ȉ 0.15 25000 ȉ 0.75 = 3551 𝑖𝑛 ȉ 𝑙𝑏𝑓

𝐾 = 0.189 < 0.2
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Risk Assessment
8-9 Statically Loaded Tension Joint with Preload
• Static applications
• Joint with preload
• External load exerts additional tensile force on bolt
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Relationship Between Preload and Bolt Strength

1. Safety Factor Against Proofing Strength

Tensile stress in bolt    ௕
ி್

஺೟

஼௉ାி೔

஺೟

Tensile load in bolt   ௣ ௜ ௣ ௕ ௧ ௣ ௧

Yielding factor of safety against proof strength: ௣
ௌ೛

ఙ್

௣ is proof strength of the bolt material 

௣
ௌ೛஺೟

஼௉ାி೔

Design Target: ௣= ~1 (it is typical to load the joint up to proof strength)
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Relationship Between Preload and Bolt Strength

2. Safety Factor Against Overloading by External Load

Apply safety factor to external loading only:   ௅ ௜ ௣ ௧ ௕

Tensile stress in bolt up to proof strength    ௣
ி್

஺೟

஼ ௡ಽ௉ ାி೔

஺೟

௅
ௌ೛஺೟ିி೔

஼ȉ௉
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Relationship Between Preload and Bolt Strength

3. Safety Factor Against Separation

Find limit of external load to prevent joint from separation.

P0 : Minimum external load that causes joint separation

When separation occurs:  ௠ ଴ ௜

Re-arrange the equation and express it as ଴
ி೔

ଵି஼

Define factor of safety against joint separation ଴
௉బ

௉

Henceforth, ଴
ி೔

௉ ଵି஼



84Sichuan University - Pittsburgh Institute

Relationship Between Preload and Bolt Strength

To further simplify the design calculations, several proof strength had 
been proposed for joint preload design. 

A common practice for both static and fatigue loading is to use 

, where ௣ is the proof load and 

௣ ௣ ௧

 Get ௣ from Tables 8-9 to 8-11

 For other materials, use ௣ ௬
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Example 8-4
Figure 8-19 is a cross section of a grade 25 cast-iron pressure vessel. A total of N bolts 
are to be used to resist a separating force of 36 kip.

 Determine kb, km, and C.

 Find the number of bolts required for a load factor of 2 where the bolts may be reused 
when the joint is taken apart.

 With the number of bolts obtained above, determine the realized load factor for 
overload, the yielding factor of safety, and the load factor for joint separation.

Solution:

Grip 𝑙 = 1.5 𝑖𝑛

From Table A–31, nut thickness = 
ଷହ

଺ସ
𝑖𝑛 (p.1063)

Bolt length 𝐿 = 1.5 +
ଷହ

଺ସ
+

ଶ

ଵଵ
= 2.229 𝑖𝑛

Table A-17 (p.1043), the closest bolt length L = 2
ଵ

ସ
in

Since 𝐿 < 6 𝑖𝑛, 𝐿௧ = 2𝑑 +
ଵ

ସ
= 2 ȉ 0.625 + 0.25 = 1.5 𝑖𝑛

𝑙ௗ = 2.25 − 1.5 = 0.75 𝑖𝑛
𝑙௧ = 𝑙 − 𝑙ௗ = 1.5 − 0.75 = 0.75 𝑖𝑛

Table 8-2, 𝐴௧ = 0.226 𝑖𝑛ଶ

Major Dia Area 𝐴ௗ =
గȉ଴.଺ଶହమ

ସ
= 0.3068 𝑖𝑛ଶ

Figure 8–19
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Example 8-4 (Cont’d)

Bolt Stiffness 𝑘௕ =
஺೏஺೟ா

஺೏௟೟ା஺೟௟೏
=

଴.ଷ଴଺଼ȉ଴.ଶଶ଺ȉଷ଴

଴.ଷ଴଺଼ȉ଴.଻ହା଴.ଶଶ଺ȉ଴.଻ହ
= 5.21 𝑀𝑙𝑏𝑓/𝑖𝑛

Table A-24, No. 25 CI: E=14 Msi

Member Stiffness 𝑘௠ =
଴.ହ଻଻ସ గாௗ

ଶ ୪୬
ఱ బ.ఱళళర ೗ శబ.ఱ೏

బ.ఱళళర ೗ శమ.ఱ೏

=
଴.ହ଻଻ସ గ ଵସȉଵ଴ల  ଴.଺ଶ

ଶ ୪୬
ఱ బ.ఱళళరȉభ.ఱ శబ.ఱȉబ.లమఱ

బ.ఱళళరȉభ.ఱ శమ.ఱȉబ.లమఱ

= 8.95 𝑀𝑙𝑏𝑓/𝑖𝑛

Stiffness constant 𝐶 =
௞್

௞್ା௞೘
=

ହ.ଶଵ

ହ.ଶଵା଼.ଽହ
= 0.368

Table 8-9, 𝑆௣ = 85 𝑘𝑠𝑖

Recommended preload 
𝐹௜ = 0.75 𝑆௣𝐴௧ = 0.75 ȉ 85 ȉ 0.226 = 14.4 𝑘𝑖𝑝

To resist overloading 𝑛௅ =
ௌ೛஺೟ିி೔

஼ȉ ௉೟೚೟ೌ೗ ே⁄
= 2

Calculate N=5.52; so six bolts should be sufficient.

Using N=6;

Actual load factor 𝑛௅ =
ௌ೛஺೟ିி೔

஼ȉ௉
=

଼ହȉ଴.ଶଶ଺ି .ସ

଴.ଷ଺଼ ଷ଺⁄
= 2.18

SF against proof strength  𝑛௣ =
ௌ೛஺೟

஼௉ାி೔
=

଼ହȉ଴.ଶଶ଺

଴.ଷ଺଼ȉ଺ାଵସ.ସ
= 1.16

SF against joint separation 𝑛଴ =
ி೔

௉ ଵି஼
=

ଵସ.ସ

଺ ଵି଴.ଷ଺଼
= 3.80

Figure 8–19


