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AISC 2006 
Educational Series

WELDING
AND

BOLTING
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Welding Short Course
• Welding Processes Overview 
• Introduction to Welded 

Connections
• Determining Weld Size
• Principles of Design
• Distortion
• Cost Reduction Ideas

ANSI/AISC 360-05

An American National Standard

SPECIFICATION

For Structural      
Steel Buildings

March 9, 2005

AISC 
Specification

2005
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AWS D1.1 
Structural 
Welding 

Code--Steel

AWS D1.1/D1.1M:2006                
An American National Standard

Structural 
Welding Code--
Steel

American Welding Society ANSIANSI

AWS D1.3 
Structural 
Welding 

Code—Sheet 
Steel

AWS D1.3/D1.3M:XXXX                
An American National Standard

Structural 
Welding Code–
Sheet Steel

American Welding Society ANSIANSI
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AASHTO/AWS 
D1.5 Bridge 

Welding Code

AASHTO/AWS D1.5/D1.5M:2002                
An American National Standard

Bridge  
Welding Code

American Welding Society ANSIANSI

AWS D1.6 
Structural 
Welding 
Code—

Stainless Steel

AWS D1.6/D1.6M:XXXX                
An American National Standard

Structural 
Welding Code–
Stainless Steel

American Welding Society ANSIANSI
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AWS D1.8 
Seismic 
Welding 

Supplement

AWS D1.8/D1.8M:2005                
An American National Standard

Seismic 
Welding 
Supplement

American Welding Society ANSIANSI

FEMA 353
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Seismic Seismic 
ProvisionsProvisions

ANSI/AISC 341-05 

ANSI/AISC 341s1-05

An American National Standard

SEISMIC 
PROVISONS

For Structural          
Steel Buildings

March 9, 2005
Including Supplement No. 1                

dated November 16, 2005

AISC AISC 
Connection Connection 

PrequalificationPrequalification

ANSI/xxx

An American National Standard

CONNECTION 
PREQUALIFICATION

For Structural           
Steel Buildings

xxxx
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AISC DESIGN GUIDES

21 Steel Design Guide Series

Welded Steel Structures
A Primer for Structural Engineers

NEW!NEW!

Arc 
Welding Processes
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Fusion vs. PenetrationFusion vs. Penetration

REQUIREMENTS FOR FUSION:

1.  Atomic Closeness

2.  Atomic Cleanliness
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SHIELDING OF MOLTEN 
PUDDLE

• Shield from nitrogen, oxygen
• Shield with slags
• Displace atmosphere with gasses

Arc Welding Processes
Shielded Metal Arc (SMAW)
Flux Cored Arc (FCAW)
Gas Metal Arc (GMAW)
Submerged Arc (SAW)
Gas Tungsten Arc (GTAW)
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Shielded Metal Arc (SMAW)

Base metal

Arc stream

Gaseous shield

Electrode
Extruded 
covering

Molten pool

Slag

SMAW
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SMAW

AWS Numbering System

E7018
Electrode

Tensile Strength  (ksi)

Position
Type of coating & current
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Flux Cored Arc Welding 
(FCAW)

FCAW:  two types

Gas Shielded
Self Shielded
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FCAW-g

FCAW-g
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FCAW-G

FCAW-s
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FCAW-S

Gas Metal Arc Welding (GMAW)

Current conductor
Solid wire electrode

Shielding gas

Wire guide and contact tube

Gas nozzle

Shielding gas

Base metal

Molten weld metal

Solidified weld metal Arc

Travel



16

GMAW

To Power Supply

Submerged Arc Welding (SAW)

To Automatic Wire 
Feed

Contact Tube
Electrode
Solidified Slag

Flux

Flux Feed Tube

Direction 
of

Travel

Flux Hopper
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Mechanized SAW:Mechanized
SAW

Automatic 
SAW
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Mechanized SAW
Mechanized 

SAW

Handheld SAW
Semiautomatic 

SAW
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GTAW

GTAW
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GTAW

GTAW
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GTAW

LOW HYDROGEN
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HYDROGEN

STRESS SENSITIVE
MATERIAL
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HYDROGEN

STRESS SENSITIVE
MATERIAL

HYDROGEN

STRESS SENSITIVE
MATERIAL
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HYDROGEN

STRESS SENSITIVE
MATERIAL

HYDROGEN

STRESS SENSITIVE
MATERIAL
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HYDROGEN

STRESS SENSITIVE
MATERIAL
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Process Selection/Application
Typically best left to Contractor
SAW:  long, big, automatic
FCAW-g: semiauto in shop
FCAW-s:  semiauto in field
SMAW:  small, miscellaneous, 

repair, tacking
GMAW:  semiauto in shop

Introduction to Welded 
Connections
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Joints

Butt Joint
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Tee Joint

Corner Joint
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Lap Joint

Edge Joint
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Edge Joint
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Weld Types

WELD TYPES

• GROOVE WELDS
–Complete Joint Penetration (CJP)
–Partial Joint Penetration (PJP)

• FILLET WELDS
• PLUG/SLOT
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CJP Groove Weld in Butt Joint

PJP Groove Weld in Butt Joint
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Fillet Welds in a Tee Joint

Plug Weld in Lap Joint
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Slot Weld in Lap Joint
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Groove Welds

Groove Welds

• Applied to butt, tee, corner 
joints

• CJP = full strength
• PJP = partial strength
• Tension vs. compression vs. 

shear
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CJP Groove Welds
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CJP Groove Weld Terminology

Root OpeningRoot Opening

Included 
Angle

Backing

CJP Groove Weld Terminology
Heat Affected Zone (HAZ)



38

CJP Groove Weld Terminology

Throat

Reinforcement

CJP Groove Weld Terminology

Throat
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CJP Groove Welds
• Throat = plate thickness
• No design calcs for static
• Same strength, regardless of 

joint details
• Leave joint details up to 

Fabricator
• Use “matching strength” weld 

metal

Groove Weld Types
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Groove Weld Types:

Square Edge

Groove Weld Types:

Bevel Groove
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Groove Weld Types:

Vee Groove

Groove Weld Types:

J-Groove
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Groove Weld Types:

U-Groove

Groove Weld Types:

Flare Bevel Groove
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Groove Weld Types:

Flare Bevel Groove

Groove Weld Types:

Flare Vee Groove
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Groove Weld Types:

Flare Vee Groove

Groove Weld Types:

Single versus Double
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Groove Weld Types:

Single Bevel Groove

Groove Weld Types:

Double Bevel Groove
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Groove Weld Types:

Single Vee Groove

Groove Weld Types:

Double Vee Groove
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Groove Weld Type and 

Joint Type

Bevel Groove in Butt Joint
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Bevel Groove in Corner Joint

Bevel Groove in Tee Joint
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Bevel Groove in Tee Joint

Vee Groove in Tee Joint
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Weld Backing

Weld Backing
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Weld Backing

Weld Backing
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Weld Backing Types:

•Steel

•Copper

•Ceramic

Steel Backing:

Permanent

Part of Weldment

Notch Effects



53

Weld Backing

Weld Backing
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Weld Backing

Weld Backing
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Principle:Principle:

There are no secondary There are no secondary 
members in welded members in welded 

construction.construction.

Weld Backing
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Weld Backing

Weld Backing
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Weld Backing

Weld Backing
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Copper Backing:

Removable

Electrically Conductive

Metallurgical Effects

Weld Backing
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Weld Backing

Weld Backing
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Weld Backing

Weld Backing
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Weld Backing

Ceramic Backing:

Removable

Electrically Non-conductive
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Weld Backing

Weld Backing
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Weld Backing

Weld Backing
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Weld Backing

Weld Backing
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Weld Backing

Weld Backing
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Weld Backing

Weld Backing
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Groove Weld Types:

Single versus Double

One sided, with steel backing

Steel



68

Two sided, with backgouging

Two sided, with backgouging
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Two sided, with backgouging

Two sided, with backgouging
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Two sided, with backgouging
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PJP Groove Welds

PJP Groove Weld
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PJP Groove Weld 
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PJP Groove Weld Terminology

Root OpeningRoot Opening

Included 
Angle

Depth of preparation

Root Face

PJP Groove Weld Terminology
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PJP Groove Weld Terminology

Throat

PJP Groove Welds
• Throat < plate thickness
• Must determine throat
• “E” vs. “S” dimension
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PJP Groove Weld:  E vs. S

S

α

PJP Groove Weld:  E vs. S
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PJP Groove Weld:  E vs. S

S = E

PJP Groove Weld:  E vs. S

S

α
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PJP Groove Weld:  E vs. S

S

α

PJP Groove Weld:  E vs. S
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PJP Groove Weld:  E vs. S

SE

45o BevelV, OHGMAW, FCAW
E = S – 1/8”

45o BevelAllSMAW

45o BevelF, HGMAW. FCAW

J or U Groove
60o Bevel or V

FSAW

AllGMAW, FCAW

E = SE = S

J of U GrooveJ of U Groove
6060oo VV

AllAllSMAWSMAW

Effective Effective 
Throat “E”Throat “E”Groove TypeGroove TypeWelding Welding 

PositionPosition
Welding Welding 
ProcessProcess

TABLE J 2.1TABLE J 2.1
Effective Throat of Partial Joint Penetration Groove Welds Effective Throat of Partial Joint Penetration Groove Welds 



79

PJP Groove Welds
• Throat < plate thickness
• Must determine throat
• “E” vs. “S” dimension
• Engineer specify “E”
• Leave “S” up to shop
• Could use “matching” or 

“undermatching”

Minimum Sized PJP Groove Welds
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3/8”Over 1 ½” to 2 ¼”

5/8”Over 6”
1/2”Over 2 ¼” to 6”

5/16”Over ¾” to 1 ½”
1/4”Over ½” to ¾”
3/16”Over ¼” to ½”
1/8”To ¼” inclusive

Minimum Effective Throat 
Thickness

Minimum Thickness of 
Thinner Part Joined

TABLE J2.3TABLE J2.3
Minimum Effective Throat Thickness of Partial Joint Minimum Effective Throat Thickness of Partial Joint 

Penetration Groove WeldsPenetration Groove Welds

Flare V and Flare Bevel
PJP Groove Welds
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Groove Weld Types:

Flare Bevel Groove

Groove Weld Types:

Flare Bevel Groove
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Groove Weld Types:

Flare Bevel Groove

Radius (R)

Groove Weld Types:

Flare Bevel Groove

t

Radius (R)
t = 5/16 R
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Groove Weld Types:

Flare Bevel Groove

Radius (R)

Flare Bevel Groove

Radius (R)

Thickness (t)
R = 2t.
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Groove Weld Types:

Flare Bevel Groove

Radius (R)

Groove Weld Types:

Flare Bevel Groove
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Groove Weld Types:

Flare Bevel Groove

t

Groove Weld Types:

Flare Bevel Groove

t
t
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Groove Weld Types:

Flare Bevel Groove

Groove Weld Types:

Flare Bevel Groove

t
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Groove Weld Types:

Flare Bevel Groove

X
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89
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AISC LRFD Table J2.2 (old)

AISC 13th Edition Table J2.2
Effective Weld Sizes of Flare 

Groove Welds

1/2 R1/2 R5/16 R5/16 RSAWSAW
3/4 R3/4 R5/8 R5/8 RGMAW  FCAWGMAW  FCAW--GG
5/8 R5/8 R5/16 R5/16 RSMAW   FCAWSMAW   FCAW--SS

FlareFlare--
VeeVee

FlareFlare--
BevelBevelWelding ProcessWelding Process
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AWS D1.1:2006 Table 2.1
Effective Size of Flare-Groove 

Welds Filled Flush

1/2 R1/2 R5/16 R5/16 RSAWSAW
3/4 R3/4 R5/8 R5/8 RGMAW  FCAWGMAW  FCAW--GG
5/8 R5/8 R5/16 R5/16 RSMAW   FCAWSMAW   FCAW--SS

FlareFlare--
VeeVee

FlareFlare--
BevelBevelWelding ProcessWelding Process

Since R = 2 x thickness, then the 
throat is as follows for flare-

groove welds filled flush

1/1 t5/8 tSAW
3/2 t5/4 tGMAW  FCAW-G
5/4 t5/8 tSMAW   FCAW-S

Flare-
Vee

Flare-
BevelWelding Process
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FILLET WELDS

Fillet Weld Terminology
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Fillet Weld Terminology

Leg size

Fillet Weld Terminology

t
t = throat
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Fillet Weld Terminology

Face

ToeRoot

FILLET WELDS

• Applied to tee, corner, lap joints
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FILLET WELDS

• Applied to tee, corner, lap joints
• Specify throat (leg) dimension
• Specify length
• May use matching, 

undermatching weld metal
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MINIMUM FILLET WELD 
SIZES

MINIMUM FILLET WELD 
SIZES

• Has nothing to do with design
• Concern is for practicality and 

welding heat input/cracking 
resistance

• Is often the controlling factor for 
welds subject to shear

AISC LRFD Table J2.4
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5/16”Over ¾”

1/4”Over ½” to ¾”

3/16”Over ¼” to ½”

1/8”To ¼”, inclusive

Minimum Size of 
Fillet Weld

Material Thickness 
of Thinner Part 

Joined

AISC TABLE J2.4
Minimum Size of Fillet Welds

AWS D1.1:2000

AWS Table 5.8
Minimum Fillet Weld Sizes (see 5.14)
Base-Metal Thickness (T)* Minimum Size

of Fillet Weld**

in. mm in. mm

T ≤ 1/4 T ≤ 6.4 1/8*** 3

1/4 < T ≤ 1/2 6.4 < T ≤ 12.7 3/16 5

1/2 < T ≤ 3/4 12.7 < T ≤ 19.0 1/4 6

3/4 < T 19.0 < T 5/16 8
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Maximum Fillet Weld SizeMaximum Fillet Weld Size

J2.2bJ2.2b
The maximum size of a fillet weld of 
connected parts shall be:
(a) Along edges of material less than ¼ 
in. thick, not greater than the thickness of 
the material.
(b) Along edges of materials ¼ in. or 
more in thickness, not greater than the 
thickness of the material minus 1/16 in, 
unless the weld is especially designated 
on the drawings to be built out to obtain 
full-throat thickness.
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Maximum Fillet Size

Maximum Fillet Size
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Maximum Fillet Size

t

t

Maximum Fillet Size

t > 1/4”

1/16”
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Maximum Fillet Size

1/16”

t

ω

Maximum Fillet 
Weld Size Does 

Not Apply
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Fig C-J2.1

Skewed Tee Joint w/ Fillet Welds



103

Skewed Tee Joint w/ Fillet Welds

Skewed Tee Joint w/ Fillet Welds
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Skewed Tee Joint w/ Fillet Welds

ω
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AWS D1.1 2.2.4 Weld Size and 
Length. (continued) For fillet welds and 
skewed T-joints, the following shall be 
provided on the contract documents.

(1) For fillet welds between parts with 
surfaces meeting at an angle between 80° 
and 100°, contract documents shall 
specify the fillet weld leg size.

>80o  <100o

Specify fillet weld leg size 
within these limits
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2.2.4 Weld Size and Length. (continued)
For fillet welds and skewed T-joints, the 
following shall be provided on the 
contract documents.

(2) For welds between parts with the 
surfaces meeting at an angle less than 80° 
or greater than 100°, the contract 
documents shall specify the effective 
throat.

<80o  >100o

Specify fillet weld throat 
size within these limits

tw ttww
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Fillet Weld Terminations

AISC J2.2b 

AWS D1.1 2.8.3

AWS D1.1 2.2.4 Weld Size and Length. 
(continued)

End returns and hold-backs for fillet 
welds, if required by design, shall be 
indicated on the contract documents.
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End 
Return

2.8.3 Fillet Weld Terminations2.8.3 Fillet Weld Terminations

2.8.3.1 General. 2.8.3.1 General. Fillet weld Fillet weld 
terminations may extend to the ends terminations may extend to the ends or or 
sides of parts or may be stopped short or sides of parts or may be stopped short or 
may have end returns except as limited may have end returns except as limited 
by the following cases:by the following cases:
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2.8.3 Fillet Weld Terminations2.8.3 Fillet Weld Terminations

2.8.3.1 General. 2.8.3.1 General. Fillet weld Fillet weld 
terminations may terminations may extend to the ends or extend to the ends or 
sides of parts or maysides of parts or may be stopped short be stopped short or or 
may have end returns except as limited may have end returns except as limited 
by the following cases:by the following cases:
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2.8.3 Fillet Weld Terminations2.8.3 Fillet Weld Terminations

2.8.3.1 General. 2.8.3.1 General. Fillet weld Fillet weld 
terminations may terminations may extend to the ends or extend to the ends or 
sides of parts or may be stopped short or sides of parts or may be stopped short or 
maymay have end returnshave end returns except as limited except as limited 
by the following cases:by the following cases:
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2.8.3 Fillet Weld Terminations2.8.3 Fillet Weld Terminations

2.8.3.1 General. 2.8.3.1 General. Fillet weld Fillet weld 
terminations may terminations may extend to the ends or extend to the ends or 
sides of parts or may be stopped short or sides of parts or may be stopped short or 
may have end returnsmay have end returns except as limited except as limited 
by the following cases:by the following cases:
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2.8.3.2 Lap Joints Subject to Tension.2.8.3.2 Lap Joints Subject to Tension.

In lap joints in which one part extends In lap joints in which one part extends 
beyond the edge or side of a part subject beyond the edge or side of a part subject 
to calculated tensile stress, fillet welds to calculated tensile stress, fillet welds 
shall terminate not less than the size of shall terminate not less than the size of 
the weld from the start of the extension the weld from the start of the extension 
(see Figure 2.6).(see Figure 2.6).
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2.8.3.3 Maximum End Return Length.
Welded joints shall be arranged to allow 
the flexibility assumed in the connection 
design. If the outstanding legs of 
connection base metal are attached with 
end returned welds, the length of the end 
return shall not exceed four times the 
nominal size of the weld (see Figure 2.7 
for examples of flexible connections).
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2.8.3.4 Transverse Stiffener Welds.

Except where the ends of stiffeners are 
welded to the flange, fillet welds joining 
transverse stiffeners to girder webs shall 
start or terminate not less than four times 
nor more than six times the thickness of 
the web from the web toe of the
web-to-flange welds.

4tw < d < 6tw
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2.8.3.5 Opposite Sides of a Common 
Plane. 

Fillet welds on the opposite sides of a 
common plane shall be interrupted at the 
corner common to both welds (see 
Figure 2.8).



116

Fillet vs. PJP Groove Weld

• Both used in corner, tee joints

Fillet versus PJP Groove Welds
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Fillet vs. PJP Groove Weld

• Both used in corner, tee joints
• PJPs more “efficient” in use of 

weld metal

Fillet versus PJP Groove Welds
Same 

volume

40% stronger

t t
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Fillet versus PJP Groove Welds

Same throat

50% less volume

Fillet versus PJP Groove Welds

Cost to bevel
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Fillet versus PJP Groove Welds

Rule of 

Thumb

Fillet versus PJP Groove Welds

Rule of Thumb:

If t<3/4”, use fillets
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Fillet versus PJP Groove Welds

Rule of Thumb:

If t>3/4”, use PJPs

Fillet vs. PJP Groove Weld

• Both used in corner, tee joints
• PJPs more “efficient” in use of 

weld metal
• Fillets don’t require joint prep
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Plug and Slot Welds
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Plug and Slot Welds

• Applied to lap joints
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Plug and Slot Welds

• Applied to lap joints
• Not often applied in structures
• Restricted in dynamically loaded 

structures
• Not a good substitution for 

misplaced bolt holes
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Weld Metal Strength 

• Matching
• Undermatching
• Overmatching

MATCHING STRENGTH

• Only require for CJP in tension
• OK for all welds
• Usually used for groove welds
• Compares minimum specified 

values
• Fy/Fu ratios = different
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UNDERMATCHING 
STRENGTH

• Typical application is fillets, 
PJPs on higher strength steel

• “Optimized Weld Metal”
• More crack resistant
• Weld size often controlled by 

minimum size

Matching 
Strength
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Undermatching 
Strength

OVERMATCHING 
STRENGTH

• Never required in D1.1, AISC
• Naturally occurs with lower 

strength steels, alloy electrodes
• If deliberately considered in 

design, may be non-conservative
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0.3 EXX 0.3 EXX ttww

0.4 0.4 FFyy ttww

0.3 EXX 0.3 EXX ttww

0.4 0.4 FFyy ttww

0.4 0.4 FFyy ttww >> 0.3 EXX 0.3 EXX ttww

If If FFyy / F/ Fu u = 0.75, then= 0.75, then

FFu u >> EXXEXX

e.g., Don’t Overmatche.g., Don’t Overmatch
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Table J2.5

CJP Groove Weld



129

CJP Groove Weld in Tension

CJP Groove Weld
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CJP Groove Weld in Compression

CJP Groove Weld
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CJP Groove Weld
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CJP Groove Weld
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Notes

PJP Groove Weld
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Fillet Welds

Plug or Slot Welds
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Notes

Table J2.5

Matching Strength
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Table J2.5

Undermatching 

Permitted

Table J2.5--10 KSI Overmatch permitted
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AWS D1.1:2000

AWS D1.1:2000
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Selecting Weld Types

BUTT JOINTS
Tension

Shear

Compression

CJP, PJP

PJP

PJP (Bear?)

Selecting Weld Types

CORNER JOINTS
Tension

Shear

Compression

CJP, PJP, 
Fillet (inside)
PJP, Fillet (inside)

PJP, Fillet 
(inside)
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CORNER JOINTS

Lamellar Tearing

CORNER JOINTS--PJP
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CORNER JOINTS--PJP

PJP AND FILLET
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CORNER JOINTS

?

Selecting Weld Types

TEE JOINTS
Tension

Shear

Compression

Fillet, PJP

Fillet, PJP

Fillet, PJP
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Selecting Weld Types

LAP JOINTS
Tension

Compression

Fillet, Plug, Slot

Fillet, Plug, Slot

LAP JOINTS

t

5 t min

AISC LRFD J2b

not < 1”
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Fig CFig C--J2.3J2.3

Fig CFig C--J2.2J2.2
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LAP JOINTS

AISC LRFD J2b

LAP JOINTS

AISC LRFD J2b
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LAP JOINTS

AISC LRFD J2b

LAP JOINTS

AISC LRFD J2b
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LAP JOINTS

AISC LRFD J2b

Fig C-J2.4
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INTRODUCTION TO 
WELDED CONNECTIONS

Calculating Weld 
Sizes



149

Two Approaches

• Fillet welds

• Weld groups (bending & 

torsion)

Fillet Welds:  
Direct Loading
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t

w
45o

cos 45o  = t / w

t = w (cos 45o)

t = 0.707 w

Shear Stress on Throat

Lt
F

A
F

×
==τ

Lw
F

)707.0(
=τ w

L = length

t
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Allowable Stresses on 
Welds

Exxallowable ×= 30.0τ

E6010, Exx = 60 ksi (430 MPa)

E71T-1, Exx = 70 ksi (480 MPa)

E81T1-K2 Exx = 80 ksi (550 MPa)
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AWS D1.1:2000AWS D1.1:2000

allowableExx
Lw

F ττ === 3.0
)707.0(

Solving for w...

w = F / (0.212 Exx L)
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Exx
Lw

F
allowable 3.0

)707.0(
==τ

Solving for Fallowable......

Fallowable = 0.212 Exx w L

L
Ff = (Unit force, lbf/linear in)

wExxfallowable ××= 212.0

Exx
fw
×

==
212.0force/in.allowable

force/in.actual
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Lincoln Procedure Handbook, 13th Ed., p. 2.3-3

Leg size,
w (in)

Allowable unit force,
kips/linear in

E70 E80 E90
1/8 1.86 2.12 2.39

1/4 3.71 4.24 4.77

3/8 5.57 6.36 7.16

1/2 7.42 8.48 9.54

5/8 9.28 10.61 11.93

3/4 11.14 12.73 14.32

Example

F = 45,000 lbf

L = 12.0 in  (2 sides)

E7018

w = ?

5/8”

3/4”
w

F
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Example

=

=w

LExx
Fw

××
=

212.0

0.212 X 70,000 lbf/in2 X 12 inch X 2 welds
45,000 lbf

= 0.126 inch   USE 3/16”

Example

F = 45,000 lbf

L = 12.0 in  (2 sides)

E7018

w = ?

F

5/8”

3/4”
w

F
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AWS D1.1:2000

Table 5.8
Minimum Fillet Weld Sizes (see 5.14)
Base-Metal Thickness (T)* Minimum Size

of Fillet Weld**

in. mm in. mm

T ≤ 1/4 T ≤ 6.4 1/8*** 3

1/4 < T ≤ 1/2 6.4 < T ≤ 12.7 3/16 5

1/2 < T ≤ 3/4 12.7 < T ≤ 19.0 1/4 6

3/4 < T 19.0 < T 5/16 8

AWS D1.1:2000

Table 5.8
Minimum Fillet Weld Sizes (see 5.14)
Base-Metal Thickness (T)* Minimum Size

of Fillet Weld**

in. mm in. mm

T ≤ 1/4 T ≤ 6.4 1/8*** 3

1/4 < T ≤ 1/2 6.4 < T ≤ 12.7 3/16 5

1/2 < T ≤ 3/4 12.7 < T ≤ 19.0 1/4 6

3/4 < T 19.0 < T 5/16 8
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* For non-low hydrogen processes without 
preheat calculated in accordance with 3.5.2, T 
equals thickness of the thicker part joined;
single-pass welds shall be used.

For non-low hydrogen processes using 
procedures established to prevent cracking in 
accordance with 3.5.2 and for low hydrogen
processes, T equals thickness of the thinner 
part joined; single-pass requirement does not 
apply.

Table 5.8 Notes

** Except that the weld size need 
not exceed the thickness of the 
thinner part joined.

*** Minimum size for cyclically 
loaded structures is 3/16 in. (5 
mm).

Table 5.8 Notes
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Fillet Welds:  
Indirect Loading

Shear Due to Bending

nI
yAVf

⋅
⋅⋅=
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Shear Due to Bending

nI
yAVf

⋅
⋅⋅=

Shear Due to Bending

nI
yAVf

⋅
⋅⋅=N.A.



162

Shear Due to Bending

nI
yAVf

⋅
⋅⋅=

f = force on weld, lbf/linear in.(kN/linear mm) 

V = shear on section at given point, lbf (kN)

A = area held by the weld, in2 (mm2)

y = distance from CG of area held to NA, in 
(mm)

I = moment of inertia of whole section, in4 (mm4)

n = number of welds holding area
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Example:  Horizontal Shear

V = 189,000 lbf

I = 36,768 in4

A = 27.5 in2

y = 24.375 in 

n = 2 welds (E70)

w = ?

10”10”

2 ¾”2 ¾”

½”½”

51 ½”51 ½”

nI
yAVf

⋅
⋅⋅=

)2()768,36(
)375.24()5.27()000,189(=

lbf/in.1720=
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Exx
fw
×

==
212.0force/in

.
allowable

force/in.actual

in.116.0
000,70212.0

1720 =
×

=w

Use minimum weld size… 3/16 in

AWS D1.1:2000

Table 5.8
Minimum Fillet Weld Sizes (see 5.14)
Base-Metal Thickness (T)* Minimum Size

of Fillet Weld**

in. mm in. mm

T ≤ 1/4 T ≤ 6.4 1/8*** 3

1/4 < T ≤ 1/2 6.4 < T ≤ 12.7 3/16 5

1/2 < T ≤ 3/4 12.7 < T ≤ 19.0 1/4 6

3/4 < T 19.0 < T 5/16 8
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Weld Groups

Treating the weld as a 
line

BendingBending
S
M=σ

wS
M=σ
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Treating the weld as a 
line

J
Tc=σTorsion

wJ
Tc=σ

1.  Find properties of the weld (Sw, 
Jw, Aw)

2.  Find forces on weld using these 
properties

3.  Calculate resultant force, f

4.  Calculate weld size, w

Exx
f

w
×==

0.212force/in.allowable
force/in.actual
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Step 1:  Determine Properties
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Step 2:  Calculate the forces
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Step 3:  
Calculate the resultant force

22
2

2
1 nr ffff ++=

Exx
fw r

×
==

212.0force/inallowable
force/in.actual

Step 4:  Calculate the weld 
size
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Example:  weld as a line

w = ?

Step 1:  Determine Properties

in25.1
2

2

=
+

=
db

bNy

3
223

in386
2

)(
12

)2( =
+
+−+=

db
dbbdbJw
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Step 1:  Determine Properties

throat)(ignoringin 20==LAw

Step 2:  Calculate the forces

Combined forces are maximum at point a

Ch

Cv

a Cv = 3.75 in

Ch = 5.0 in
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Step 2:  Calculate the forces

lbf/in2340
386

)5()000,180( =⋅=⋅=
w

h
h J

cTf

Torque = T = 18,000 lbf x 10 in.

Twisting (horizontal component):

Step 2:  Calculate the forces

lbf/in1750
386

)75.3()000,180(

=

=⋅=⋅=
w

v
v J

cTf

Twisting (vertical component):
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Step 2:  Calculate the forces

lbf/in900
20
000,18 ===

w
s A

Pf

Vertical Shear:

Step 3:  
Calculate the resultant force

( ) lbf/in.354022 =++= svhr ffff

fv = 1750

fs = 900

fh = 2340
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Exx
fw r

×
==

212.0force/in.allowable
force/in.actual

Step 4:  Calculate the weld 
size

using Exx = 70,000

in)1/4(use  in   238.
000,70212.0

3540 =
×

=w

Weld 
Properties
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Weld Capacity
Weld Size (throat)  +
Deposited Weld 
Strength

Mechanical Properties
• Ultimate Tensile 

Strength

• Yield Strength

• Elongation

• Modulus of Elasticity

• Compressive Strength

• Shear Strength

• Fatigue Strength

• Fracture 
Toughness

• Hardness
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Mechanical Properties
• Ultimate Tensile 

Strength

• Yield Strength

• Elongation

• Modulus of Elasticity

• Compressive Strength

• Shear Strength

• Fatigue Strength

• Fracture 
Toughness

• Hardness
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Tensile Test Results
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CVN Specimen
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0
10
20
30
40
50
60
70
80
90

-150 -100 -50 0 50 100 150

Temperature, deg. F

C
V

N
, f

t l
bs

Charpy V-Notch Test (CVN)
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Mechanical Property 
Requirements

E7018
Yield: 58 ksi min.
Tensile: 70 ksi min.
Elong.: 22% min.
CVN: 20 ft lb @ -20 deg. F
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REMEMBER:  Steel properties 
typically based on minimum 

specified yield strength.  Weld 
metal is typically based on 

tensile strength.
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Resources:

-AISC Solutions Center
(aisc.org)

-James F Lincoln Arc Welding 
Foundation (jflf.org)

-The Lincoln Electric Company 
(lincolnelectric.com)

PRINCIPLES 
OF

CONNECTION
DESIGN
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Principle 1

PROVIDE A PATH FOR THE 
FORCE TO ENTER INTO 

THE SECTION THAT LIES 
PARALLEL

“THE FORCE GOES TO THE 
STIFF PART.”

Bill Milek, 
Vice President, AISC (Retired)
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188



189



190



191



192
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195



196
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Weld Tabs
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200



201

NOT WELDED
TO FLANGE CRACK IN WEB

MOMENT

F

F

Principle 2

DON’T PUT WELD IN 
BENDING
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Linoleum Roll
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Press Fit
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CENTER OF CURVATURE

NEUTRAL AXIS
OF SECTION

F

F
M

r
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The  Welder’s Solution

CENTER OF CURVATURE

NEUTRAL AXIS
OF SECTION

F

F
M

r

The Engineer’s Solution
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WW

X1X1 X2X2

aa LL

0 = (wL)(L2 - 6a2)
24EI

a = 0.225 w

WW

X1X1 X2X2

aa LL

0 = (wL)(L2 - 6a2)
24EI
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The Engineer’s Solution

Principle 3

THERE ARE NO 
SECONDARY MEMBERS IN 
WELDED CONSTRUCTION
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Box Girder
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213
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Principle 4

NOTHIN’ WELDS ARE 
GOOD FOR NOTHIN’
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Maximum Fillet Size

Maximum Fillet Size

t > 1/4”

1/16”
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Maximum Fillet Size

t

t
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1/16” Gap = OK
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If gap > 1/16”, 

increase weld 
size by gap size

Gap         Stress
0” 21 ksi

1/16”            28 ksi

1/8”              42 ksi

3/16”            84 ksi
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Gap         Stress

3/16”        21 ksi

Principle 5

AVOID A JOINT WHERE 
THE STRENGTH AND 

PERFORMACE OF THE 
JOINT DEPENDS ON THE 
SKILL OF THE WELDER
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Matched Connection
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Stepped Connection
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Principle 9

WHEN POSSIBLE, DON’T 
PASS MAJOR LOADS 

THROUGH THE THICKNESS 
OF THE STEEL
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Principle 10

PROVIDE A MEMBER WHEN 
FORCES CHANGE 

DIRECTION
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?



229
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Controlling Distortion

After Welding
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Bar at 
room temp.

Heated Bar
cooler base

metal acts as 
vise

final 
shape

Volumetric Expansion

Angular 
Distortion
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Angular Distortion

Angular Distortion
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Transverse Shrinkage

Longitudinal Shrinkage
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N.A.

N.A.
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N.A.

N.A.
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N.A.

Distortion Control Principles
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Use smallest weld size 
possible

Principle #1

Before Welding
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Use fewest number
of passes

Principle #2
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242

Make the weld 
with the lowest level

of heat input

Principle #3

H = 60 E I / 1000 S
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HAZ

HAZ
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Weld on or near the 
neutral axis

Principle #4
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N.A.

C.G.
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250

N.A.C.G.
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Balance welds about 
the neutral axis

Principle #5
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Double Groove: Control 
Shrinkage

1

Double Groove: Control 
Shrinkage

2
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Double Groove: Control 
Shrinkage

3

Double Groove: Control 
Shrinkage

4
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Balance weld area 
about the neutral axis

Principle #6
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C.G.
N.A.

N.A.C.G.
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Sequence assembly to 
balance welds

Principle #7

0.5”

1.0”

1.0”

1.5”

2.0”

C.G.

N.A.

1.058”
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N.A.C.G.

0.5”

1.0”

1.0”

1.5”

2”

N.A.

C.G.
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4-1/2” X 2-5/8”

3/8” X 9”

3/8” X 4-1/2”

3/8” X 72”
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NEUTRAL AXIS

CENTER OF 
GRAVITY OF 

WELDS
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d = 2.39”
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NEUTRAL AXIS

CENTER OF 
GRAVITY OF WELD

NEUTRAL AXIS

CENTER OF 
GRAVITY OF 

WELDS
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Mirror
components

Principle #8
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265

Increase torsional
resistance

Principle #9
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Consider 
pre-bending or pre-setting

Principle #10
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269

Clamp
components

Principle #11
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271

Use back-step welding 
technique

Principle #12
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Estimating Distortion
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Transverse

t
A.10 w=Δtransverse
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Angular

2

1.3

t
ωW .02=Δangular

For metric 0.02 becomes 0.19
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Longitudinal

I
dLA.005 2

w=Δ allongitudin
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Flame Straightening 
and Heat Shrinking
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Heating Location
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282



283
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285



286



287



288
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Controlling Distortion

ECONOMY IN WELDING
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Welding Costs

Materials, 
Equipment, 
Electricity

Labor and 
Overhead

10 − 30%

70 − 90%

If welding speed is doubled….

Materials, 
Equipment, 
Electricity

Labor and 
Overhead
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If welding speed is doubled….

Materials, 
Equipment, 
Electricity

Labor and 
Overhead

Comparing costs to weld volume
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Cost = 1.0Cost = 1.0

Cost = 4.0Cost = 4.0
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Comparing costs on weld volumeComparing costs on weld volume

•• Assumes same deposition rateAssumes same deposition rate
•• Assumes same joint preparation costAssumes same joint preparation cost
•• Assumes same weld cleaning costAssumes same weld cleaning cost
•• Assumes same labor rate, overhead factors, Assumes same labor rate, overhead factors, 

material costsmaterial costs
•• Does not generate absolute cost, only Does not generate absolute cost, only 

relative costrelative cost
•• Creates impression that material is most Creates impression that material is most 

costly itemcostly item

Economy in WeldingEconomy in Welding

•• Selection of proper weld typeSelection of proper weld type
– CJP groove welds versus alternatives
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??



295

??

CJP
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PJP

Comparison:  CJP vs PJP

1.5” web

CJP:  4.41 #/ft
PJP:  1.10 #/ft

75% Less Welding
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Economy in WeldingEconomy in Welding

•• Selection of proper weld typeSelection of proper weld type
–– CJP groove welds versus alternativesCJP groove welds versus alternatives
– Fillet welds versus PJP groove welds

Fillet vs. PJP Groove Weld

• Both used in corner, tee joints
• PJPs more “efficient” in use of 

weld metal
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Fillet versus PJP Groove Welds

Fillet versus PJP Groove Welds

Rule of Thumb:

If t<3/4”, use fillets
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Fillet versus PJP Groove Welds

Rule of Thumb:

If t>3/4”, use PJPs

Economy in WeldingEconomy in Welding

•• Selection of proper weld typeSelection of proper weld type
–– CJP groove welds versus alternativesCJP groove welds versus alternatives
–– Fillet welds versus PJP groove weldsFillet welds versus PJP groove welds
– Combination fillet/PJP groove weld
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Fillet versus PJP Groove Welds

Same throat

50% less volume

PJP Groove Weld versus 
Combination Fillet/PJP

Same volume 
Same throat
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Combination Fillet/PJP

Proper 
weld throat

Combination Fillet/PJP

Improper 
weld throat
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Economy in WeldingEconomy in Welding

•• Selection of proper weld typeSelection of proper weld type
–– CJP groove welds versus alternativesCJP groove welds versus alternatives
–– Fillet welds versus PJP groove weldsFillet welds versus PJP groove welds
–– Combination fillet/PJP groove weldCombination fillet/PJP groove weld

•• Proper weld detailingProper weld detailing
– Fillet welds: leg size versus length

USE SMALLER LEG SIZE 
AND LONGER LENGTH 

FILLET WELDS
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0.3EXX(0.707x2W)X1L    0.3EXX(0.707x1W)x2L0.3EXX(0.707x2W)X1L    0.3EXX(0.707x1W)x2L

0.424 WLEXX  = 0.424 WLEXX0.424 WLEXX  = 0.424 WLEXX

1L1L 2L2L

1W1W
2W2W

{(2W){(2W)22/2} X 1L   VOLUME    {(1W)/2} X 1L   VOLUME    {(1W)22/2} X 2L/2} X 2L

= 2W= 2W22L                   2X             = 1WL                   2X             = 1W22LL

1L1L 2L2L

1W1W
2W2W
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50% LESS VOLUME50% LESS VOLUME

2X Strength

4X Volume
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W      L

5/16” 5/16” –– 8” long8” long

0.087 cubic inch0.087 cubic inch

1/4” 1/4” –– 10” long10” long

0.078  cubic inch0.078  cubic inch

25% Savings25% Savings

Economy in WeldingEconomy in Welding

•• Selection of proper weld typeSelection of proper weld type
–– CJP groove welds versus alternativesCJP groove welds versus alternatives
–– Fillet welds versus PJP groove weldsFillet welds versus PJP groove welds
–– Combination fillet/PJP groove weldCombination fillet/PJP groove weld

•• Proper weld detailingProper weld detailing
–– Fillet welds: leg size versus lengthFillet welds: leg size versus length
– Fillet weld:  intermittent versus continuous
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1/2       2 1/2       2 -- 44

1/4       1/4       

CAPACITYCAPACITY

f = 0.30EXX x 0.707 x 1/2 x 2/4 = 0.053EXXf = 0.30EXX x 0.707 x 1/2 x 2/4 = 0.053EXX

f = 0.30EXX x 0.707 x 1/4 x 1/1 = 0.053EXXf = 0.30EXX x 0.707 x 1/4 x 1/1 = 0.053EXX

1/2       2 1/2       2 -- 44

1/4       1/4       

VOLUMEVOLUME

V =  {(1/2)V =  {(1/2)22 / 2} x 50% = 1/16/ 2} x 50% = 1/16

V =  {(1/4)2 / 2} x 100% = 1/32V =  {(1/4)2 / 2} x 100% = 1/32

50% 
LESS
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1/4       2 1/4       2 -- 44

1/81/8

1/4       2 1/4       2 -- 44

1/81/8

4”4”
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INTERMITTENT VERSUS CONTINUOUS FILLET WELDSINTERMITTENT VERSUS CONTINUOUS FILLET WELDS

1.  Start with fillet welds of the minimum size.1.  Start with fillet welds of the minimum size.
2.  Determine required length.2.  Determine required length.
3.  If required length << joint length, consider 3.  If required length << joint length, consider 
intermittent fillet welds.intermittent fillet welds.
4.  If the required length > joint length, increase 4.  If the required length > joint length, increase 
fillet weld leg size.fillet weld leg size.
5.  If subject to cyclic loading (fatigue), consider 5.  If subject to cyclic loading (fatigue), consider 
consequences of B versus E.consequences of B versus E.
6. Consider manufacturing implications of 6. Consider manufacturing implications of 
intermittent fillet welds.intermittent fillet welds.

Economy in WeldingEconomy in Welding

•• Selection of proper weld typeSelection of proper weld type
–– CJP groove welds versus alternativesCJP groove welds versus alternatives
–– Fillet welds versus PJP groove weldsFillet welds versus PJP groove welds
–– Combination fillet/PJP groove weldCombination fillet/PJP groove weld

•• Proper weld detailingProper weld detailing
–– Fillet welds: leg size versus lengthFillet welds: leg size versus length
–– Fillet weld:  intermittent versus continuousFillet weld:  intermittent versus continuous
–– Groove welds: single versus double sidedGroove welds: single versus double sided
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50% Less Metal       2:1 Ratio

One bevel versus two
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Same included angleSame included angle

No root openingNo root opening
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Overhead welding?

Access to both sides?
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Prequalified details



314

1.03 : 11.03 : 140.4240.4241.7241.7266
1.08 : 11.08 : 118.8518.8520.4420.4444
1.22 : 11.22 : 15.375.376.546.5422
1.42 : 11.42 : 11.681.682.382.3811
1.50 : 11.50 : 10.600.600.990.99½½

Ratio of Single Ratio of Single 
Sided to Double Sided to Double 

SidedSided

Double VDouble V--groove groove 
weld, 60weld, 60oo

included angle, included angle, 
1/8 in. root 1/8 in. root 

opening, 0 in. opening, 0 in. 
root opening (Broot opening (B--

U3b)U3b)
(pounds/foot)(pounds/foot)

Single VSingle V--groove groove 
weld, 30weld, 30oo

included angle, included angle, 
3/8 in. root 3/8 in. root 

opening (Bopening (B--U2a)U2a)
(pounds/foot)(pounds/foot)

ThicknessThickness
(weld throat)(weld throat)

(in.)(in.)

SINGLE VERSUS DOUBLE SIDED 
JOINTS:
1.  Consider joint preparation time.
2.  Consider weld volume of specific 
detail.
3.  Consider one sided issues: backing, 
open root joint
4.   Consider two sided issues:  
backgouging, access, position of second 
weld.
5.   Evaluate total overall cost.
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Economy in WeldingEconomy in Welding
•• Selection of proper weld typeSelection of proper weld type

–– CJP groove welds versus alternativesCJP groove welds versus alternatives
–– Fillet welds versus PJP groove weldsFillet welds versus PJP groove welds
–– Combination fillet/PJP groove weldCombination fillet/PJP groove weld

•• Proper weld detailingProper weld detailing
–– Fillet welds: leg size versus lengthFillet welds: leg size versus length
–– Fillet weld:  intermittent versus continuousFillet weld:  intermittent versus continuous
–– Groove welds: single versus double sidedGroove welds: single versus double sided
– CJP groove welds: included angle versus root 

opening

45 degrees

20 degrees

30 degrees

1/4” root 
opening

3/8” root 
opening

1/2” root 
opening
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Thickness 1/4"  45 3/8"  30 1/2"  20

0.5 0.9 0.99      1.03

1 2.5 2.38      2.47

2 7.85 6.54 6.07

4 27.19 20.44 16.91

W36X160W36X160
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W36X160W36X160

TTff = 1”  = 1”  

4545o o 1/4”             301/4”             30o o 3/8”3/8”

2.93 #/ft.            2.51 #/ft.2.93 #/ft.            2.51 #/ft.

14% less

Chord flange:   
7” thick
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TTff = 7”  = 7”  

4545o o 1/4”             301/4”             30o o 3/8”3/8”

94.6 #/ft.            59.5 #/ft.94.6 #/ft.            59.5 #/ft.

37% Less37% Less

16.9120.4427.194
10.8812.5716.083
6.076.547.852
4.124.234.811 1/2
3.683.724.161 3/8
3.263.243.561 1/4
2.862.803.011 1/8
2.472.382.501
2.111.992.037/8
1.761.621.613/4
1.441.291.235/8
1.130.990.901/2
0.840.710.623/8

1/2 in.20o3/8 in.30o1/4 in.45o

Root 
Opening

Included 
Angle

Root 
Opening

Included 
Angle

Root 
Opening

Included 
Angle

Single V-groove Weld (B-U2a)
Weight of Weld Metal (pounds/foot)

Thickness
(Weld Throat)

(in.)
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CJP groove welds: included angle CJP groove welds: included angle 
versus root openingversus root opening

• For weld throats less than 1”, use a smaller 
root opening and larger included angle

• For weld throats greater than 1”, use a 
larger root opening and smaller included 
angle.

Economy in WeldingEconomy in Welding
Proper weld detailingProper weld detailing

–– Fillet welds: leg size versus lengthFillet welds: leg size versus length
–– Fillet weld:  intermittent versus continuousFillet weld:  intermittent versus continuous
–– Groove welds: single versus double sidedGroove welds: single versus double sided
–– CJP groove welds: included angle versus root CJP groove welds: included angle versus root 

openingopening
– CJP groove weld: V and bevel vs. U and J
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VV-- groovegroove

Bevel grooveBevel groove

VV--groovegroove

UU-- groovegroove
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Bevel grooveBevel groove

JJ-- groovegroove

UU-- groovegroove

JJ-- groovegroove
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VV-- groovegroove

UU-- groovegroove

Spacer barSpacer bar

18.1018.1014.0014.0026.9526.9555
15.6315.6311.8811.8819.4419.444 1/24 1/2
13.3113.319.929.9216.0416.0444
11.1511.158.118.1112.3812.383 1/23 1/2
9.139.136.456.458.798.7933
7.277.274.944.945.835.832 1/22 1/2
5.565.563.583.583.793.7922

Spacer Spacer 
bar = 1/4  bar = 1/4  
X 5/8 in.X 5/8 in.

R = 5/8  R = 5/8  
inin

Bevel Bevel 
radiusradius

r =1/4 in.r =1/4 in.
R = 0 in.R = 0 in.----R = 0 in.R = 0 in.

f =1/4 inf =1/4 inα α = = β =β =
2020oof = 1/4 in.f = 1/4 in.αα= = β β ==

2020oof = 1/4 in.f = 1/4 in.α α = = β = β = 
6060oo

V Groove with Spacer V Groove with Spacer 
Bar (BBar (B--U3a)U3a)

U GrooveU Groove
(B(B--U7U7--S)S)

V GrooveV Groove
(B(B--U3cU3c--S)S)

Double Sided CJP Groove Weld OptionsDouble Sided CJP Groove Weld Options
Weight of Weld Metal (pounds/foot)Weight of Weld Metal (pounds/foot)

ThicknessThickness
(Weld (Weld 

Throat)Throat)
(in)(in)
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VV-- groovegroove

Spacer barSpacer bar

UU-- groovegroove

#1#1

#2#2

#3#3

18.1018.1014.0014.0026.9526.9555
15.6315.6311.8811.8819.4419.444 1/24 1/2
13.3113.319.929.9216.0416.0444
11.1511.158.118.1112.3812.383 1/23 1/2
9.139.136.456.458.798.7933
7.277.274.944.945.835.832 1/22 1/2
5.565.563.583.583.793.7922

Spacer Spacer 
bar = 1/4  bar = 1/4  
X 5/8 in.X 5/8 in.

R = 5/8  R = 5/8  
inin

Bevel Bevel 
radiusradius

r =1/4 in.r =1/4 in.
R = 0 in.R = 0 in.----R = 0 in.R = 0 in.

f =1/4 inf =1/4 inα α = = β =β =
2020oof = 1/4 in.f = 1/4 in.αα= = β β ==

2020oof = 1/4 in.f = 1/4 in.α α = = β = β = 
6060oo

V Groove with Spacer V Groove with Spacer 
Bar (BBar (B--U3a)U3a)

U GrooveU Groove
(B(B--U7U7--S)S)

V GrooveV Groove
(B(B--U3cU3c--S)S)

Double Sided CJP Groove Weld OptionsDouble Sided CJP Groove Weld Options
Weight of Weld Metal (pounds/foot)Weight of Weld Metal (pounds/foot)

ThicknessThickness
(Weld (Weld 

Throat)Throat)
(in)(in)
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Economy in WeldingEconomy in Welding
Proper weld detailingProper weld detailing

–– Fillet welds: leg size versus lengthFillet welds: leg size versus length
–– Fillet weld:  intermittent versus continuousFillet weld:  intermittent versus continuous
–– Groove welds: single versus double sidedGroove welds: single versus double sided
–– CJP groove welds: included angle versus root CJP groove welds: included angle versus root 

openingopening
–– CJP groove weld: V and bevel vs. U and JCJP groove weld: V and bevel vs. U and J
– PJP groove weld: single versus double sided

Single sided PJP VSingle sided PJP V-- groovegroove

Double sided PJP VDouble sided PJP V-- groovegroove
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Rotation about rootRotation about root

Rotation about rootRotation about root
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VolumeVolume——2:1 ratio2:1 ratio

All inAll in--position weldingposition welding

Reposition, or outReposition, or out--ofof--positonpositon weldingwelding
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One bevel cutOne bevel cut

Two bevel cutsTwo bevel cuts

One bevel cutOne bevel cut

Two bevel cutsTwo bevel cuts

Approximately 
one weld pass

Approximately 
two weld passes



328

Time = 2 bevels + 4 passes = 6

Time = 4 bevels + 2 passes = 6

If fewer than 3 weld passes are 
required for single-sided PJP 
groove weld, use single sided 
detail.
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If more than 4 weld passes are 
required for single-sided PJP 
groove weld, consider double 
sided detail.

Economy in WeldingEconomy in Welding
Proper weld detailingProper weld detailing

–– Fillet welds: leg size versus lengthFillet welds: leg size versus length
–– Fillet weld:  intermittent versus continuousFillet weld:  intermittent versus continuous
–– Groove welds: single versus double sidedGroove welds: single versus double sided
–– CJP groove welds: included angle versus root CJP groove welds: included angle versus root 

openingopening
–– CJP groove weld: V and bevel vs. U and JCJP groove weld: V and bevel vs. U and J
–– PJP groove weld: single versus double sidedPJP groove weld: single versus double sided
– Flare V and flare bevel groove welds
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Economy in WeldingEconomy in Welding
•• Proper weld detailingProper weld detailing
•• Shop versus Field WeldingShop versus Field Welding

Shop versus Field WeldingShop versus Field Welding
•• ““Everything” lower cost in shopEverything” lower cost in shop

–– DrillingDrilling
–– SandblastingSandblasting
–– PaintingPainting
–– BoltingBolting
–– WeldingWelding

•• Cost savings opportunity:  make big, complex Cost savings opportunity:  make big, complex 
welded connections in the shopwelded connections in the shop
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Economy in WeldingEconomy in Welding
•• Proper weld detailingProper weld detailing
•• Shop versus field WeldingShop versus field Welding
• Welded versus bolted connections
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W14X730W14X730

W14X730

22” 3”

5”

18”
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4”

3”

12”

6”
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106”
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Welded vs. Bolted
Splice Cost Comparison

Bolted Splice
• Labor  84.3 hrs $3,127.
• Materials

– Steel (6900#) $1,936.
– Bolts (128)          $   768.

• Cost per splice         $5,800.
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Welded vs. Bolted
Splice Cost Comparison

Bolted Splice
• Labor  84.3 hrs $3,127.
• Materials

– Steel (6900#) $1,936.
– Bolts (128)          $   768.

• Cost per splice         $5,800.

Welded Splice
• Labor  28.6 hrs $1,072.
• Materials

– Electrode (70 lbs)$    42.
– Flux  (140 lbs.)   $      77.

• Cost per splice          $1,200.

Welded vs. Bolted
Splice Cost Comparison

Bolted Splice
• Labor  84.3 hrs $3,127.
• Materials

– Steel (6900#) $1,936.
– Bolts (128)          $   768.

• Cost per splice         $5,800.

Welded Splice
• Labor  28.6 hrs $1,072.
• Materials

– Electrode (70 lbs)$    42.
– Flux  (140 lbs.)   $      77.

• Cost per splice          $1,200.

Savings per splice total $4,600 !
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Shop versus Field Welding
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Shop versus Field Welding

• Primarily an issue of cost
• Some environmental factors
• Position of welding
• Easier to control project in shop
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Field Welded vs. Bolted
Splice Cost Comparison

Field Welding Hours:  2X Shop
Field Welding Wages:  2X Shop

Bolted Splice
• Labor  84.3 hrs $3,127.
• Materials

– Steel (6900#) $1,936.
– Bolts (128)          $   768.

• Cost per splice        $5,800.

Welded Splice
• Labor  57.2 hrs        $4,288.
• Materials

– Electrode (70 lbs)$   42.
– Flux  (140 lbs.)    $    77.

• Cost per splice          $4,400.

Savings per splice total $1,400 !

24% Savings
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DETERMINE THE LOAD DETERMINE THE LOAD 
TRANSFERRED THROUGH TRANSFERRED THROUGH 
THE CONNECTION WHEN THE CONNECTION WHEN 
SELECTING WELD TYPES, SELECTING WELD TYPES, 
AND DETERMING WELD AND DETERMING WELD 

SIZESSIZES

1/2”1/2”
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Capacity = 1/2” X 0.707 X 0.30 X E70XX X 100”

= 742 Kips

1/4”1/4”
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Capacity = 1/4” X 0.707 X 0.30 X E70XX X 100”Capacity = 1/4” X 0.707 X 0.30 X E70XX X 100”
= 371 Kips= 371 Kips

1/4”            2 1/4”            2 -- 44
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Capacity = 1 /4” X 0.707 X 0.30 X E70XX X 2/4 (100)Capacity = 1 /4” X 0.707 X 0.30 X E70XX X 2/4 (100)

= 185 Kips= 185 Kips

Capacity Reduced 75%

Cost Reduced 87.5%
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SPECIFY WELDS OF THE 
PROPER SIZE

3/16” fillet weld 0.072 #/foot
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3/8” fillet weld 0.289 #/foot

Effect of fillet weld size

3/16” 1/4” + 79%
1/4” 5/16” + 55%
5/16” 3/8” + 44%

3/16” 3/8” +300%
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PLACE THE WELD ON THE 
THINNER MEMBER OF 

CORNER JOINTS
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3” (75mm)3” (75mm)

2” (50mm)2” (50mm)

3” (75mm)3” (75mm)

2” (50mm)2” (50mm)

13.5 #/ft.13.5 #/ft. 7.0 #/ft.7.0 #/ft.
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3” (75mm)3” (75mm)

2” (50mm)2” (50mm)

13.5 #/ft.13.5 #/ft. 48% Less             7.0 #/ft.48% Less             7.0 #/ft.

BASE THE WELD SIZE ON BASE THE WELD SIZE ON 
THE THINNER MEMBERTHE THINNER MEMBER
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??

AWS D1.1:2004 Table 5.8AWS D1.1:2004 Table 5.8

Notes:Notes:
1.  For non1.  For non--low hydrogen low hydrogen 
processes…T = thickness of processes…T = thickness of 
thicker part joined….for lowthicker part joined….for low--
hydrogen processes, T = thinner hydrogen processes, T = thinner 
part joined….part joined….
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If low hydrogen If low hydrogen 

Flare V and Flare Bevel
PJP Groove Welds
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Groove Weld Types:

Flare Bevel Groove

Groove Weld Types:

Flare Bevel Groove
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Groove Weld Types:

Flare Bevel Groove

Radius (R)

Groove Weld Types:

Flare Bevel Groove
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Groove Weld Types:

Flare Bevel Groove

t

Groove Weld Types:

Flare Bevel Groove

t

Radius (R)
t = 5/16 R
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Groove Weld Types:

Flare Bevel Groove

Radius (R)

Flare Bevel Groove

Radius (R)

Thickness (t)
R = 2t.
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Groove Weld Types:

Flare Bevel Groove

Radius (R)

Groove Weld Types:

Flare Bevel Groove
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Groove Weld Types:

Flare Bevel Groove

Groove Weld Types:

Flare Bevel Groove

t
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Groove Weld Types:

Flare Bevel Groove

t
t

Groove Weld Types:

Flare Bevel Groove
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Groove Weld Types:

Flare Bevel Groove

t

Groove Weld Types:

Flare Bevel Groove

X
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AISC LRFD Table J2.2 (old)
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AISC Table J2.2
Effective Weld Sizes of Flare 

Groove Welds

1/2 R1/2 R5/16 R5/16 RSAWSAW
3/4 R3/4 R5/8 R5/8 RGMAW  FCAWGMAW  FCAW--GG
5/8 R5/8 R5/16 R5/16 RSMAW   FCAWSMAW   FCAW--SS

FlareFlare--
VeeVee

FlareFlare--
BevelBevelWelding ProcessWelding Process

AWS D1.1:2006 Table 2.1
Effective Size of Flare-Groove 

Welds Filled Flush

1/2 R1/2 R5/16 R5/16 RSAWSAW
3/4 R3/4 R5/8 R5/8 RGMAW  FCAWGMAW  FCAW--GG
5/8 R5/8 R5/16 R5/16 RSMAW   FCAWSMAW   FCAW--SS

FlareFlare--
VeeVee

FlareFlare--
BevelBevelWelding ProcessWelding Process
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Since R = 2 x thickness, then the 
throat is as follows for flare-

groove welds filled flush

1/1 t5/8 tSAW
3/2 t5/4 tGMAW  FCAW-G
5/4 t5/8 tSMAW   FCAW-S

Flare-
Vee

Flare-
BevelWelding Process

USE STEELS WITH GOOD USE STEELS WITH GOOD 
“WELDABILITY”“WELDABILITY”
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AWS Standard Terms & Definitions 
(A3.0-94)

Weldability:  The capacity of a 
material to be welded under the 
imposed fabrication conditions into a 
specific, suitably designed structure, 
and to perform satisfactorily in the 
intended service.

ASTM A6/A6M, Section X3

Weldability:  A term that usually 

refers to the relative ease with 

which a metal can be welded using 

conventional practice.
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Preferred analysis of Carbon Steel 
for Good Weldability

Element Normal Range Extra Care

Carbon (C) 0.06-0.20% 0.35%
Manganese (Mn) 0.35-0.80% 1.40%
Silicon (Si) 0.10% max. 0.30%

Phosphorus (P) 0.035% max. 0.050%
Copper (Cu) 0.15% max. 0.20%
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AWS D1.1:2004:AWS D1.1:2004:

Table 3.1Table 3.1
Annex MAnnex M

1” (25mm)1” (25mm)

4545oo

1/4”1/4”
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1/4”1/4”

1” (25mm)1” (25mm)

4545oo

1/4”1/4”
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1” (25mm)1” (25mm)

4545oo

3/8”3/8”

3/8” 9mm3/8” 9mm

1/4” (6mm)1/4” (6mm)
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3.26 #/ft.                            4.00#/ft.3.26 #/ft.                            4.00#/ft.

3.26 #/ft.    23% More     4.00#/ft.3.26 #/ft.    23% More     4.00#/ft.
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CONSIDER THE POSITION CONSIDER THE POSITION 
OF WELDING WHEN OF WELDING WHEN 
SELECTING WELD SELECTING WELD 

DETAILSDETAILS

FILLET WELDS GENERALLY FILLET WELDS GENERALLY 
PREFERRED OVER GROOVE PREFERRED OVER GROOVE 
WELDS, BUT…WELDS, BUT…
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IF FILLET WELDS IF FILLET WELDS 
REQUIRE OVERHEAD REQUIRE OVERHEAD 
WELDING, GROOVE WELDING, GROOVE 
WELDS ARE PREFERREDWELDS ARE PREFERRED

There’s always a solution in steel!
weldedwelded
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Structural Bolts Structural Bolts 

©

•• Fundamentals and BehaviorFundamentals and Behavior
• AISC Specification RequirementsAISC Specification Requirements

Overview of the seminar..Overview of the seminar..
•• Goal is to develop an understanding of:Goal is to develop an understanding of:

–– how individual fasteners behavehow individual fasteners behave

–– how fasteners work in jointshow fasteners work in joints

–– the Specification rules that reflect these the Specification rules that reflect these 
issuesissues
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Role of the Structural Role of the Structural 
EngineerEngineer……

•• Selection of suitable bolt types and gradesSelection of suitable bolt types and grades

•• Design of the fastenersDesign of the fasteners

•• Responsibility for installationResponsibility for installation

•• Responsibility for inspectionResponsibility for inspection

Mechanical FastenersMechanical Fasteners
•• Rivets  Rivets  

–– evaluation of existing evaluation of existing 
structuresstructures

•• BoltsBolts
–– Common (ordinary) Common (ordinary) 

bolts:  ASTM A307bolts:  ASTM A307

–– HighHigh--strength bolts: strength bolts: 
ASTM A325 ASTM A325 && A490A490

–– Other H/S boltsOther H/S bolts
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Common (ordinary) boltsCommon (ordinary) bolts
•• ASTM A307ASTM A307

–– Three grades: A, B, and CThree grades: A, B, and C
•• Grade A:  general applications Grade A:  general applications 
•• Grade B:  for piping systemsGrade B:  for piping systems
•• Grade C:  nonGrade C:  non--headed anchor bolts or studsheaded anchor bolts or studs

–– A307 Grade AA307 Grade A
•• minimum tensile strength minimum tensile strength 6060 ksiksi

ASTM A307 BoltsASTM A307 Bolts

•• often a good choice when loads are often a good choice when loads are 
staticstatic

•• strength level inferior to highstrength level inferior to high--
strength boltsstrength bolts

•• pretension indeterminatepretension indeterminate
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ASTM A325 BoltsASTM A325 Bolts
•• Type 1 or Type 3 (weathering steel)Type 1 or Type 3 (weathering steel)

•• ASTM Spec.               RCSC Spec.ASTM Spec.               RCSC Spec.

•• Minimum tensile strength: Minimum tensile strength: 120120 ksi ksi 
(or 105 ksi for diameters  > 1 in.)(or 105 ksi for diameters  > 1 in.)

•• Pretension can be induced if desiredPretension can be induced if desired

ASTM A490 BoltsASTM A490 Bolts
•• Types 1 or Type 3 (weathering steel)Types 1 or Type 3 (weathering steel)

•• Minimum tensile strength: Minimum tensile strength: 150150 ksi, ksi, 
(maximum 170 ksi)(maximum 170 ksi)

•• ASTM Spec.               RCSC Spec.ASTM Spec.               RCSC Spec.

•• Pretension can be induced if desiredPretension can be induced if desired
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Comparison of Bolts: Direct TensionComparison of Bolts: Direct Tension

7/8 in. dia. A307 bolt7/8 in. dia. A307 bolt

0.05 0.10 0.15 0.20

20

40

60

80
7/8 in. dia. A490 bolt7/8 in. dia. A490 bolt

7/8 in. dia. A325 bolt7/8 in. dia. A325 bolt

elongation (inches)

bolt 
tension 

kips

CommentsComments……
•• Note that we quote the Note that we quote the ultimateultimate

tensiletensile strength of the boltstrength of the bolt
–– this is the benchmark for strength this is the benchmark for strength 

statements (e.g. shear strength is some statements (e.g. shear strength is some 
fraction of ultimate tensile strength)fraction of ultimate tensile strength)

•• What about yield strength?What about yield strength?
•• What is What is ““proof loadproof load””



6

……comments contcomments cont’’dd
•• Nuts: ASTM A563Nuts: ASTM A563

•• Washers: if needed, ASTM F436Washers: if needed, ASTM F436

•• Bolt Bolt –– nut nut –– washer sets implied so washer sets implied so 
far, but other configurations far, but other configurations 
availableavailable

Loading of BoltsLoading of Bolts
•• ShearShear

–– load transfer by shear in bolt and load transfer by shear in bolt and 
bearing in connected material bearing in connected material OROR

–– load transfer by friction (followed by load transfer by friction (followed by 
shear and bearing)shear and bearing)

•• TensionTension

•• Combined Tension and ShearCombined Tension and Shear
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Shear Loading of BoltsShear Loading of Bolts

lap plates
main  plate

Shear SpliceShear Splice

Shear Loading contShear Loading cont’’dd

Truss JointTruss Joint
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Shear Loading contShear Loading cont’’dd

Eccentric ConnectionEccentric Connection

Shear Loading contShear Loading cont’’dd

Standard Beam ConnectionStandard Beam Connection

bolts in 
shear



9

Bolts Loaded in TensionBolts Loaded in Tension

bolts in 
shear

bolts in tensionbolts in tension

Bolts Loaded in TensionBolts Loaded in Tension
bolts in 
tension

bolts in 
shear
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Bolts in Tension Bolts in Tension –– pryingprying

HighHigh--strength bolts in tension can strength bolts in tension can 
be a source of problems!be a source of problems!

Bolt forceBolt forcePrying forcePrying force

Applied forceApplied force

Bolts in combined tension and shearBolts in combined tension and shear

bolts in bolts in 
combined combined 
shear and shear and 
tensiontension

bolts in shearbolts in shear
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Consider a simple joint Consider a simple joint ——

PP
PP

PP

PP a bearing forcea bearing force{{

PP

PP

and associatedand associated
shear stressshear stress

{
AA
PP

==ττ

Free bodyFree body
of boltof bolt
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Finally...Finally...

opposite to the bearing force shown opposite to the bearing force shown 
previouslypreviously

note that this force is equal andnote that this force is equal and

P/2P/2

P/2P/2
PP

tt

dd

In the example, we identifiedIn the example, we identified……

•• the force in the bolt (a shear force)the force in the bolt (a shear force)

•• the force that the bolt imposed on the the force that the bolt imposed on the 
plate (a bearing force)plate (a bearing force)

•• the force in the plate itself (a tensile force)the force in the plate itself (a tensile force)

•• (force transfer could also be by friction: (force transfer could also be by friction: 
not included in this illustration)not included in this illustration)
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Design SpecificationsDesign Specifications

•• Limit States Design (Limit States Design (LRFDLRFD) ) oror
Allowable Stress Design (Allowable Stress Design (ASDASD))

•• Historically: Historically: 
–– allowable stress design: apply a factor allowable stress design: apply a factor 

of safety to yield strengthof safety to yield strength

–– limit states design: use maximum limit states design: use maximum 
capacity of element as basiscapacity of element as basis

??

CommentComment……
Connection design Connection design 
historically has been historically has been 
done on basis of done on basis of 
ultimate strength, ultimate strength, 
regardless of regardless of 
framework used.framework used.

loadload

deformationdeformation

bolt in shearbolt in shear
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AISC Standard 2005AISC Standard 2005

• Parallel LRFD and ASD rules
• LRFD uses a resistance factor, Ø
• ASD uses a safety factor, Ω
• Loads as appropriate:

– factored loads for LRFD
– non-factored loads for ASD

AISC Standard contAISC Standard cont’’dd
LRFD:   req’d strength LRFD ≤ φ R n

ASD:   req’d strength ASD ≤ R n   / Ω

(Better to write it as resistance ≥ req’d strength?)

i.e.    φ Rn ≥ req’d strength
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……and another commentand another comment

AISC Specification says—
The use of high-strength bolts shall 
conform to the RCSC Specification RCSC Specification 
for Structural Joints Using ASTM for Structural Joints Using ASTM 
A325 or A490 BoltsA325 or A490 Bolts

Installation Installation ——
•• SnugSnug--tight onlytight only

•• PretensionedPretensioned
–– Calibrated wrenchCalibrated wrench

–– TurnTurn--ofof--nutnut

–– Other means: Other means: 

•• Tension control boltsTension control bolts

•• LoadLoad--indicator washersindicator washers



16

As a result of the installationAs a result of the installation……

• Bolts are either not pretensioned
(i.e. snug-tight) OROR —

• Bolts have a pretension
– When do we need pretension?

We will deal with these issues later.

deformation over  deformation over  α , mm

averageaverage
bolt bolt 

shearshear

MPa

Behavior of a large joint (shear splice) Behavior of a large joint (shear splice) ——
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Bolts in Shear: IssuesBolts in Shear: Issues
•• Shear strength of bolt  (single shear Shear strength of bolt  (single shear 

or double shear, threads in shear or double shear, threads in shear 
plane?)plane?)

•• Bearing capacity of bolt  (never Bearing capacity of bolt  (never 
governs)governs)

•• Bearing capacity of plateBearing capacity of plate
•• Tensile capacity of plateTensile capacity of plate

Bolts in shear: pretensioned boltsBolts in shear: pretensioned bolts

•• Bolts are in holes Bolts are in holes 1/161/16 in. in. larger than the bolt larger than the bolt 
diameter. (Oversize holes and slotted holes diameter. (Oversize holes and slotted holes 
can also be used.)can also be used.)

•• Amount of slip possible is two hole Amount of slip possible is two hole 
clearances (clearances (i.e. i.e. 1/81/8 in.in.) ) (See comment next image)(See comment next image)

•• If slip is a problem (e.g., fatigue) If slip is a problem (e.g., fatigue) —— use use 
pretensioned bolts in a slippretensioned bolts in a slip--critical critical 
connection. More about this later.connection. More about this later.
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Slip in bolted jointsSlip in bolted joints……
•• Can be as much as two hole Can be as much as two hole 

clearancesclearances
•• In a joint with a reasonable number In a joint with a reasonable number 

of bolts, some will already be in of bolts, some will already be in 
bearing at start of loadingbearing at start of loading

•• Both laboratory tests and field Both laboratory tests and field 
measurements indicate that slip is measurements indicate that slip is 
more like  more like  1/21/2 hole clearancehole clearance

Bolts in shearBolts in shear--type connection:type connection:
•• Common type of jointCommon type of joint

•• Specifications distinguish betweenSpecifications distinguish between::

–– bearing type connectionsbearing type connections

–– slipslip--critical connectionscritical connections

–– Note: a slipNote: a slip--critical joint (service loads) critical joint (service loads) 
must alsomust also be checked as a bearing be checked as a bearing 
joint (factored loads)joint (factored loads)
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BearingBearing--type connections:type connections:

•• Issues Issues 
–– bolt shear strengthbolt shear strength
–– bearing capacity connected materialbearing capacity connected material
–– member strength member strength 

•• Shear strength of bolts is Shear strength of bolts is not dependentnot dependent
on presence or absence of pretensionon presence or absence of pretension. 
(How come?)(How come?)

Bolts in bearingBolts in bearing--type connectionstype connections……

lo
ad

lo
ad

deformationdeformation

Region of bearingRegion of bearing--
type behaviortype behavior
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Bolt Shear StrengthBolt Shear Strength
•• Bolt shear strength Bolt shear strength ≈≈ 62% of bolt ultimate 62% of bolt ultimate 

tensile strength (tensile strength (teststests))

–– Design rule takes 80% of this valueDesign rule takes 80% of this value
–– Threads in shear plane? Threads in shear plane? 
–– Long joint effect: another discount Long joint effect: another discount 

applied.applied.

Individual bolt in shear Individual bolt in shear 
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Physical test Physical test ——

Long Joint Effect Long Joint Effect ——
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Uneven loading Uneven loading 
of bolts of bolts ––

(End four bolts of 13)(End four bolts of 13)

Bolts are loaded (in shear) as a Bolts are loaded (in shear) as a 
consequence of the differential consequence of the differential 
strains between the platesstrains between the plates……

high high 
strainstrain

= high differential strain= high differential strain

low low 
strainstrain
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Long joint effect for this case?Long joint effect for this case?

Effect of bolt Effect of bolt 
pretension on pretension on 
bolt shear bolt shear 
strengthstrength

bolt 
tension

kips

20

40

60

torqued 
tension

ult. 
shear 
stress

100

0.04 0.08

elongation

snugsnug
1/2 turn1/2 turn

11--1/2 1/2 
turnturn

ultimate shear ultimate shear 
stress stress ––
independent of independent of 
bolt pretension bolt pretension 
(why?)(why?)
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Further Comment: Bolt Capacity in ShearFurther Comment: Bolt Capacity in Shear

•• We recognize that shear strength of a bolt We recognize that shear strength of a bolt 
is not dependent on the pretension in the is not dependent on the pretension in the 
bolt.bolt.

•• Looking ahead:  If the bolt shear strength Looking ahead:  If the bolt shear strength 
is not dependent on bolt pretension, why is not dependent on bolt pretension, why 
do we need to inspect the bolt for do we need to inspect the bolt for 
pretension?pretension?

Bolt Pretension v. Shear
• The bolt pretension is attained as a result 

of small axial elongations introduced as 
nut is turned on

• These small elongations are relieved as 
shear deformations and shear yielding
take place

• Confirmed by both bolt tension 
measurements  and shear strength tests
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Back to bolt in shear Back to bolt in shear ——

Shear strength 
of single bolt 
(tests) —

boltu62.0 σ=τ

Shear deformation

Bolts in Shear Bolts in Shear —— AISCAISC

bvn AFR φ=φ

strengthsheardesignRn =φ

ksi strength,shear  nominalFv =
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nominal shear strength nominal shear strength ……

uuv F50.0)F  (0.62 %80F
75.0

=×=
=φ

—— these are the values tabulated in these are the values tabulated in 
Table J3.2 of the Specification for Table J3.2 of the Specification for 
the thread the thread excludedexcluded case. For case. For 
threads threads includedincluded, the tabulated , the tabulated 
values are 80% of the abovevalues are 80% of the above..

ksi75ksi15050.0F:bolts490A
ksi60ksi12050.0F  :bolts 325A

v

v

=×=
=×=

ThusThus……
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CommentsComments……
•• If threads in shear plane, another If threads in shear plane, another 

reduction, already indicatedreduction, already indicated

•• The discount for length (use of 80%) is The discount for length (use of 80%) is 
conservativeconservative

•• If joint length > 50 in., a If joint length > 50 in., a furtherfurther 20% 20% 
reductionreduction

•• The The øø –– value used for this case (0.75) is value used for this case (0.75) is 
also conservative.also conservative.

Threads in shear plane?Threads in shear plane?

•• Use 0.80 reduction factor in order to Use 0.80 reduction factor in order to 
account for reduced area through account for reduced area through 
threads. threads. 

•• Distinguish between threads in one Distinguish between threads in one 
or both shear planes?or both shear planes?
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LetLet’’s return now to slips return now to slip--critical critical 
connectionsconnections……

I thought you 
said that you

would bring the 
bolts!!
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SlipSlip--Critical ConnectionCritical Connection
Clamping force from bolts (bolt pretension)Clamping force from bolts (bolt pretension)

Load at which slip takes place Load at which slip takes place 
will be a function of will be a function of ……??

Bolts in slipBolts in slip--critical connectionscritical connections……

lo
ad

lo
ad

deformationdeformation

region of slipregion of slip--critical critical 
joint behaviorjoint behavior
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•• Load is repetitive and Load is repetitive and 
changes from tension to changes from tension to 
compression. (Fatigue by compression. (Fatigue by 
fretting could occur.)fretting could occur.)

•• Change in geometry of Change in geometry of 
structure would affect its structure would affect its 
performance.performance.

•• Certain other cases.Certain other cases.

•• CommentComment: for buildings, : for buildings, 
slipslip--critical joints should be critical joints should be 
the exception, not the rule.the exception, not the rule.

SlipSlip--critical joints specified whencritical joints specified when……

SlipSlip--critical criteria:critical criteria:

•• Choice:Choice:
–– a a serviceabilityserviceability limit state (no slip under limit state (no slip under 

the service loads)   the service loads)   OROR

–– a a strengthstrength limit state  (no slip under the limit state  (no slip under the 
factored loads) factored loads) 
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Which one do we use?Which one do we use?

•• No slip at service loads:  e.g. fatigue No slip at service loads:  e.g. fatigue 
loadingloading

•• No slip at factored loads:  e.g. longNo slip at factored loads:  e.g. long--
span flat roof truss (span flat roof truss (pondingponding could could 
result as factored loads attained)result as factored loads attained)

and donand don’’t forgett forget……..

After you have designed the joint as After you have designed the joint as 
slipslip--critical, you must still check shear critical, you must still check shear 
and bearing (factored load)and bearing (factored load)
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is TnkP Σ=
ks = slip coefficient  (µ)

n = number of slip planes (usually 1 or 2)
Ti = clamping force (i.e., bolt pretension)

First principles, slip resistance is First principles, slip resistance is ——

Design slip resistance, AISCDesign slip resistance, AISC

no. slip planesno. slip planes
clamping forceclamping force

slip coefficientslip coefficient

The terms φ and Du need to be defined

sbscun NThDR μ=φ
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and the modifiers and the modifiers ……

onbolt tensi minimum specified tension to
bolt installed of ratio the,13.1Du =

 etc. hole slotted hole, oversize e.g.,           
condition hole remodifier hsc =

   1.5)(  loads factoredat  slip no  0.85    
1.4)(  loads serviceat  slip no  1.0

factor resistance

=β=
=β=

=φ

Bolts in TensionBolts in Tension
•• CapacityCapacity of a bolt in tension: product of of a bolt in tension: product of 

the ultimate tensile strength of the bolt the ultimate tensile strength of the bolt 
and the tensile stress area of the bolt and the tensile stress area of the bolt 
(i.e.  (i.e.  FFuu AAstst ))

•• Specifications directly reflect this Specifications directly reflect this 
calculated capacity (calculated capacity (……to come)to come)

•• ForceForce in bolt must reflect any prying in bolt must reflect any prying 
action affectaction affect
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Bolts in Tension Bolts in Tension –– some commentssome comments

•• Preference: avoid joints that put bolts Preference: avoid joints that put bolts 
into tension, especially if fatigue is an into tension, especially if fatigue is an 
issueissue

•• Use A325 bolts rather than A490 boltsUse A325 bolts rather than A490 bolts

•• Minimize the prying actionMinimize the prying action

Direct tension v. torqued tensionDirect tension v. torqued tension

boltbolt elongationelongation

bolt bolt 
tensiontension

directdirect tensiontension

torquedtorqued tensiontension
(by whatever method of installation)(by whatever method of installation)

subsequent direct tensionsubsequent direct tension
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How is the torsion resisted?How is the torsion resisted?

(backside)

QuestionQuestion……
•• pretensioned bolt in a connectionpretensioned bolt in a connection

•• apply external tension force to the apply external tension force to the 
connectionconnection

•• do the bolt pretension and the do the bolt pretension and the 
external tension add?external tension add?
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Bolt pretension + external tensile load ?Bolt pretension + external tensile load ?

separation of connected separation of connected 
components (= Fcomponents (= Ffinalfinal))

initialinitial

applied loadapplied load

bolt forcebolt force

ultimateultimate

4545°°

*

Explore this bolt tension issueExplore this bolt tension issue……

P/2

P/2

P/2

P/2

P/2 P/2

P

1. No bolt pretension1. No bolt pretension

stultult AP σ=
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2. Bolt pretension present2. Bolt pretension present

Tb

Ci

t No external load:No external load:
CCi  i  =  T=  Tb          b          (1)(1)

P/2 P/2

Tf

Cf

t

External load applied:  External load applied:  
TTf  f  = C= Cf  f  +  P    (2)+  P    (2)

Elongation of bolt and elongation of plate Elongation of bolt and elongation of plate 
must be identical during this processmust be identical during this process……..

t
EA

)TT(

b

bf
b

−=δ t
EA

)CC(

p

fi
t

−=δ

Equating these two Equating these two 
expressions for the expressions for the 
change in lengthchange in length
gives the relationshipgives the relationship……

p

fi

b

bf
A

)CC(
A

)TT( −=−

Using this and Eq. 1 and 2, Using this and Eq. 1 and 2, 
the final bolt force can be the final bolt force can be 
obtained asobtained as……....

b

p
bf

A
A

1

PTT
+

+=
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Final bolt force = initial bolt pretension (TFinal bolt force = initial bolt pretension (Tbb) ) 
+ a portion of the applied external load. + a portion of the applied external load. 

The final bolt pretension reflects the bolt The final bolt pretension reflects the bolt 
area (which we know) and the contributory area (which we know) and the contributory 
plate area (which we donplate area (which we don’’t know). t know). 

A reasonable estimate for the ratio is 9, and A reasonable estimate for the ratio is 9, and 
this results in a bolt force increase of about this results in a bolt force increase of about 
10%10%

b

p
bf

A
A

1

PTT
+

+=

as already seen, the result isas already seen, the result is……

separation of connected separation of connected 
components (= Fcomponents (= Ffinalfinal))

initialinitial

applied loadapplied load

*
bolt forcebolt force

ultimateultimate

4545°°
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AISC rule, bolts in tension—

bntn AF R φ=φ

nominal tensile strength

bolt area for nominal 
diameter

strengthtensiledesignR n =φ

What is nominal tensile strength, What is nominal tensile strength, FFntnt ??

)A75.0(FAFP bustuult ==

buult AF75.0P,or =

{

Call this Call this FFnntt

Adjusted areaAdjusted area
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So, the AISC rule for bolts in tensionSo, the AISC rule for bolts in tension……

btnn AF R φ=φ

where where FFntnt = 0.75 F= 0.75 Fuu as tabulated as tabulated 
in the Specification in the Specification 

As we now know, the 0.75 really As we now know, the 0.75 really 
has nothing to do with Fhas nothing to do with Fuu

Returning to shear splice joints, Returning to shear splice joints, 
we still have to deal with the we still have to deal with the 
bearing capacity of the connected bearing capacity of the connected 
material.material.

P/2P/2

P/2P/2
PP

tt

dd
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Bearing capacity (of Bearing capacity (of 
connected material)connected material)

ShearShear--out of a out of a 
block of material block of material 
oror yieldingyielding

Bearing stresses at bolt holesBearing stresses at bolt holes……

Needed: Needed: 
1.1. shearshear--out ruleout rule
2.2. yield rule yield rule 

(deformation)(deformation)

LL cc

LL ess

tt 11 tt 22

dd
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Plate bearing stressesPlate bearing stresses……

)tL75.0(2  R,or
)tL(2   isout -Shear

cun

cult

××σ=
××τ

and AISC rule is:  R and AISC rule is:  R n n = 1.5 F= 1.5 Fuu LLcc tt

Plate bearing…

d
Le

pl
u

b =
σ
σ

from tests:from tests:

td
d

LtdR,and

d
L,or

epl
ubn

epl
ub

⎟
⎠
⎞

⎜
⎝
⎛σ=σ=

⎟
⎠
⎞

⎜
⎝
⎛σ=σ

d3Lfor   validfound e ≥
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Plate bearingPlate bearing……

Making the substitution and using ..Making the substitution and using ..

pl
uuF σ≡

un

epl
ubn

Ftd3R

td
d

L
tdR

=

⎟
⎠

⎞
⎜
⎝

⎛σ=σ=

Finally, the AISC rule for Finally, the AISC rule for 
plate bearing capacity isplate bearing capacity is …

ucun Ftd0.3tLF5.1R ≤=

(with a (with a φφ--value still to be inserted)value still to be inserted)
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Further note re bearingFurther note re bearing……

ucun Ftd0.3tLF5.1R ≤=

But, Specification says that when But, Specification says that when 
deformation a consideration, usedeformation a consideration, use

ucun Ftd4.2tLF2.1R ≤=

Why this difference, and when do we Why this difference, and when do we 
use the latter?use the latter?

Plate bearing limit based on limiting Plate bearing limit based on limiting 
deformationsdeformations……
•• Rule was developed on basis that most of Rule was developed on basis that most of 

the ultimate force is developed at about the ultimate force is developed at about 
0.25 in. deformation.0.25 in. deformation.

•• The deflections in question are at The deflections in question are at ultimateultimate
load.load.

•• Question test conditionsQuestion test conditions
•• SecondSecond--order effects (e.g. tall bldg.) are order effects (e.g. tall bldg.) are 

still small with deformations of this still small with deformations of this 
magnitude.magnitude.
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Block shear Block shear 
rupturerupture

An aside: this is what weAn aside: this is what we’’re re 
usually shownusually shown……
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Failure (ult. load) is Failure (ult. load) is 
alwaysalways by tensile by tensile 
fracture, at location fracture, at location 
shown, regardless of shown, regardless of 
geometric proportions.geometric proportions.
Shear Shear yieldyield along vertical along vertical 
planes.planes.

Failure is controlled by Failure is controlled by 
ductility ductility –– not strengthnot strength..

BasicsBasics……

shear inarea  grossA     and
 tensioninarea net A where

FA60.0FAVT

gv

nt

ygvntrr u

=
=

φ+φ=+

tension fracture shear yield

(There are some other requirements, including (There are some other requirements, including 
specific case of coped beams. specific case of coped beams. 
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An example of An example of 
shear + tension shear + tension 
failure in a failure in a 
coped beamcoped beam……

Back to installationBack to installation……
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BearingBearing--Type ConnectionsType Connections——
Installation of BoltsInstallation of Bolts

•• Bolts can be installed to Bolts can be installed to ““snugsnug--tight tight 

condition condition —— ordinary effort of worker using ordinary effort of worker using 

a spud wrench. (Pretension unknown, but a spud wrench. (Pretension unknown, but 

usually small)usually small)

Installation Installation ——

–– bring parts together, continue turning nut, bring parts together, continue turning nut, 
bolt elongates, tension develops in bolt, and bolt elongates, tension develops in bolt, and 
clamped parts compressclamped parts compress
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Calibrated Wrench InstallationCalibrated Wrench Installation

•• Reliable relationship between torque Reliable relationship between torque 
and resultant bolt tension?             and resultant bolt tension?             
NO ! NO ! (and is forbidden by RCSC)(and is forbidden by RCSC)

•• Establish relationship by Establish relationship by calibrationcalibration
of the installing wrench.of the installing wrench.

Hydraulic calibrator –
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Calibrated wrench, contCalibrated wrench, cont’’dd
•• Adjust wrench to stall or cut out at Adjust wrench to stall or cut out at 

desired level of bolt pretensiondesired level of bolt pretension
•• Target value of pretension (RCSC) is Target value of pretension (RCSC) is 

1.05 times specified min. value1.05 times specified min. value
•• Calibrate using at least three bolts Calibrate using at least three bolts 
•• Calibration is unique to bolt lot, Calibration is unique to bolt lot, 

length, diameter, grade of boltlength, diameter, grade of bolt
•• Washers must be usedWashers must be used

TurnTurn--ofof--Nut InstallationNut Installation
•• Run nut down, bring parts into close Run nut down, bring parts into close 

contactcontact

•• Work from stiffer regions to edgesWork from stiffer regions to edges

•• Establish Establish ““snugsnug--tighttight”” condition (first condition (first 
impact of impact wrench or full effort of impact of impact wrench or full effort of 
worker using a spud wrench)worker using a spud wrench)

•• Apply additional oneApply additional one--half turn nut (or half turn nut (or 
other value, depending on bolt size)other value, depending on bolt size)
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Does this Does this 
definition of definition of 
snugsnug--tight tight 
seem a little seem a little 
vague?vague?

How influential is “snug-tight?”

Bolt pretension Bolt pretension ——

Load vs. Elongation Load vs. Elongation 
Relationship, Relationship, 
Torqued TensionTorqued Tension

7/8 in. dia. 7/8 in. dia. 
A325 boltA325 bolt

min. tensile strength

bolt 
tension 
(kips)

elongation (in.)
0.05 0.10

proof load

1/2 turn 
of nut

10

20

30

40

50
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bolt elongation (in.)

0.020.02 0.080.080.060.060.040.04

2020

4040

6060

bolt 
tension
(kips)

Bolt Tension by Turning the NutTension by Turning the Nut

specified minimum specified minimum 
tensiontension

bolt elongation at one-half turn

range of bolt 
elongations 

at snug

0.020.02 0.040.04

2020

4040

6060

bolt 
tension
(kips)

Bolt Tension by Turning the NutTension by Turning the Nut

specified minimum specified minimum 
tensiontension

bolt elongation (in.)

bolt elongation  at one-half turn
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Tension vs. RotationTension vs. Rotation

nut rotation, turns

minimum tension minimum tension 
A325 boltsA325 bolts

1/2 turn of 1/2 turn of 
nutnut

A325 A325 
boltsbolts

A490 A490 
boltsbolts

10

20

30

40

60

50

11

bolt bolt 
tension tension 

kipskips

minimum tension A490 minimum tension A490 
boltsbolts

Inspection of InstallationInspection of Installation
•• Principles:Principles:

–– Determination of the bolt pretension Determination of the bolt pretension 
after installation is after installation is not practicalnot practical

–– Understand the requirements  e.g., are Understand the requirements  e.g., are 
pretensioned bolts required?pretensioned bolts required?

–– Monitor the installation on the siteMonitor the installation on the site

–– Proper storage of bolts is requiredProper storage of bolts is required
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Inspection of InstallationInspection of Installation

•• Is bolt tension required? Is bolt tension required? —— if not, why if not, why 
inspect for it !inspect for it !

•• Know what calibration process is required Know what calibration process is required 
and monitor it on the job siteand monitor it on the job site

•• Observe the work in progress on a regular Observe the work in progress on a regular 
basisbasis

Inspection of installation:Inspection of installation:
Consider the following AISC cases Consider the following AISC cases ——

1.1. Bolts need be snugBolts need be snug--tight onlytight only

2.2. Bolts are pretensioned (but not a slipBolts are pretensioned (but not a slip--
critical joint)critical joint)

3.3. SlipSlip--critical joint                                               critical joint                                               
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Snug tight only….

• Bearing-type connections

• Bolts in tension (A325 only)
– only when no fatigue or vibration (bolt 

could loosen)

Inspection Inspection –– snug tightsnug tight

•• Establish that the bolts, nuts, and washers Establish that the bolts, nuts, and washers 
(if any) meet the requirements of the (if any) meet the requirements of the 
specificationsspecifications

•• Hole types (e.g., slotted, oversize) meet Hole types (e.g., slotted, oversize) meet 
specified requirementsspecified requirements

•• Contact surfaces are reasonably cleanContact surfaces are reasonably clean

•• Parts are in close contact after bolts Parts are in close contact after bolts 
snuggedsnugged
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Inspection: if Inspection: if pretensioned boltspretensioned bolts requiredrequired……

•• All of requirements for snugAll of requirements for snug--tight casetight case

•• Observe the preObserve the pre--installation verification processinstallation verification process

–– turn of nut, or;turn of nut, or;

–– calibrated wrench, or;calibrated wrench, or;

–– other (direct tension washers, tensionother (direct tension washers, tension--control control 
bolts)bolts)

•• Calibration process done Calibration process done minimumminimum once per dayonce per day

•• Calibration process done Calibration process done any timeany time conditions conditions 
changechange

Inspection: for Inspection: for slipslip--criticalcritical jointsjoints

• All of the above, plus

• Condition of faying surfaces, holes, etc. 

•• In addition to observing the In addition to observing the calibrationcalibration
process, the inspection must ensure that process, the inspection must ensure that 
the same process is applied to the the same process is applied to the fieldfield
jointsjoints



57

An inspected joint (turnAn inspected joint (turn--ofof--nut)nut)

and some other commentsand some other comments……
•• Pretension values Pretension values greatergreater than than 
those specified are not cause those specified are not cause 
for rejection.for rejection.

•• RotationRotation tests are useful for tests are useful for 
shortshort--grip bolts or coated grip bolts or coated 
fasteners (requirement is in fasteners (requirement is in 
ASTM A325 spec. and is for ASTM A325 spec. and is for 
galvanized bolts)galvanized bolts)
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What happens in the field?What happens in the field?

Pretensions have been measured in Pretensions have been measured in 
installed bolts, both in buildings and in installed bolts, both in buildings and in 
bridgesbridges

An example of the resultsAn example of the results……..



59

Actual pretensions, contActual pretensions, cont’’dd
• For A325 bolts, turn-of-nut:

– Average tensile strength exceeds spec. 
min. tensile by about 1.18

– Average pretension force is 80% of 
actual tensile

– Result is that actual bolt tension is 
about 35% greater than specified bolt 
tension

Actual pretensions, cont’d
• A325, ½ turn-of-nut:  35% increase
• A490, ½ turn-of-nut:  26% increase
• A325 and A490, calibrated wrench: 13%

increase
• etc. for other cases

Note:  these increased pretensions are 
embodied in the specification rules
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Some other options for bolts Some other options for bolts ——

Other bolts / fastening Other bolts / fastening 
methodsmethods——

• Tension-control bolts (ASTM F1852)

• Load-indicating washers (ASTM F959)

• Alternative designs, e.g. Huck bolts 
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Tension control boltsTension control bolts……

groovegroove

splinespline

Tension Control BoltsTension Control Bolts

groove at which shear groove at which shear 
will take placewill take place

ASTM F1852ASTM F1852

region of 
constant torque
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Tension Control BoltsTension Control Bolts
•• Wrench has coaxial chucksWrench has coaxial chucks

•• Nut is turned in one directionNut is turned in one direction

•• Splined end is turned in other Splined end is turned in other 
directiondirection

•• Splined end will shear off at grooveSplined end will shear off at groove

•• If properly calibrated, shear will take If properly calibrated, shear will take 
place when pretension is attainedplace when pretension is attained

Tension control bolt pretensionTension control bolt pretension……

•• material strength of boltmaterial strength of bolt

•• diameter of annular groovediameter of annular groove

•• thread friction conditions thread friction conditions 

•• friction at nutfriction at nut––washer interfacewasher interface
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Tension control bolt pretensionTension control bolt pretension……

• Manufacturer provides the lubricant 
(on bolts, nuts, washers)

• User must calibrate (as per calibrated 
wrench)

Tension control bolts….

•• NOTE:  evidence that tips have NOTE:  evidence that tips have 
sheared off sheared off is notis not in itself evidence in itself evidence 
that desired pretension is presentthat desired pretension is present

•• Consider limits:Consider limits:
–– Friction conditions are Friction conditions are very highvery high……
–– Friction conditions are Friction conditions are very lowvery low……

•• Hence, calibration is essential!Hence, calibration is essential!
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TensionTension--Control BoltsControl Bolts

•• AdvantagesAdvantages
– Installation is from one side
– Electric wrench is used
– Installation is quiet

•• DisadvantagesDisadvantages
– More expensive
– Pre-installation calibration required

Direct tension indicatorsDirect tension indicators——
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Direct Tension IndicatorsDirect Tension Indicators
•• Protrusions formed inProtrusions formed in

special washerspecial washer
•• Protrusions compressProtrusions compress

as force in bolt isas force in bolt is
developeddeveloped

•• Use feeler gage to Use feeler gage to 
measure gap (or refusal)measure gap (or refusal)

•• User must verify the process User must verify the process 
(like calibrated wrench)(like calibrated wrench)

ASTM 959ASTM 959

Reliability of these bolts..Reliability of these bolts..
•• Calibration requiredCalibration required
•• Reliability should be same as calibrated Reliability should be same as calibrated 

wrench installationswrench installations
•• TensionTension--control bolt is torquecontrol bolt is torque--dependentdependent

•• LoadLoad--indicating washer is elongationindicating washer is elongation--
dependentdependent

•• Calibration is to specified pretension +5%Calibration is to specified pretension +5%
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Some references Some references ——

Load and Resistance Factor Design Load and Resistance Factor Design 
Specification for Structural Joints Specification for Structural Joints 
Using ASTM A325 or A490 Bolts, Using ASTM A325 or A490 Bolts, 
Research Council on Structural Research Council on Structural 
Connections, 2004Connections, 2004
(free download available)(free download available)

References, contReferences, cont’’d.d.
•• G.L. Kulak, J.W. Fisher, and J.A.H. Struik,  G.L. Kulak, J.W. Fisher, and J.A.H. Struik,  Guide Guide 

to Design Criteria for Bolted and Riveted Jointsto Design Criteria for Bolted and Riveted Joints, , 
Second Edition, John Wiley, New York, 1987Second Edition, John Wiley, New York, 1987 (free (free 
download at RCSC website)download at RCSC website)

•• Bickford, John H., "An Introduction to the Design Bickford, John H., "An Introduction to the Design 
and Behavior of Bolted Joints," Second Edition, and Behavior of Bolted Joints," Second Edition, 
Marcel Dekker Inc., New York, 1990Marcel Dekker Inc., New York, 1990

•• G.L. Kulak, G.L. Kulak, A Bolting Primer for Structural A Bolting Primer for Structural 
EngineersEngineers, AISC Design Guide 17, Chicago, 2002, AISC Design Guide 17, Chicago, 2002
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…….and some web sites.and some web sites

• aisc.org

• boltcouncil.org  (RCSC Spec., Guide, 
education bulletins, etc.)

• steelstructures.com

• steelstuff.com

Some additional topics Some additional topics ……

•• Details, other topics  Details, other topics  
–– washers washers 
–– slotted or oversize holesslotted or oversize holes
–– joints with both bolts and weldsjoints with both bolts and welds
–– shear lagshear lag
–– seismic designseismic design

•• Design exampleDesign example
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WashersWashers
• Standard hardened washer required 

under turned element when torque-
based installation used (calibrated 
wrench, tension-control bolt)

• Washers req’d when direct tension 
indicators used

• Washers not req’d
– when snug-tightened joints used
– for pretensioned joints, turn-of-nut
– for slip-critical, turn-of-nut

Washers contWashers cont’’dd

• But, washers required for
– sloping surfaces present

– A490 bolts used when material Fy < 40 ksi

– many cases of slotted or oversize holes, 
regardless of type of joint or method of 
installation
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Slotted or oversize holesSlotted or oversize holes
• Advantageous for erection
• Effect of oversize or slot taken into 

account directly in the member design
• Oversize or slotted hole can affect the 

pretension induced, regardless of the 
type of installation

• Washers or hardened bars required 
for many of these situations

Joints with bolts + weldsJoints with bolts + welds

……existing bolted joint, add weld to increase capacityexisting bolted joint, add weld to increase capacity
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Deformation v load  characteristics differDeformation v load  characteristics differ……

Bolts + weldsBolts + welds……
•• Transverse welds are basically Transverse welds are basically 

ineffective (they fracture early)ineffective (they fracture early)
•• AISC rules for bolts + longitudinal AISC rules for bolts + longitudinal 

welds OKwelds OK
•• Upgrading existing structures: See Upgrading existing structures: See 

AISC Engr. Jrn. Article (2003)AISC Engr. Jrn. Article (2003)
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Recent work indicatesRecent work indicates……

weld.longboltsfrictionult RRRR ++=

slipfriction P25.0R ×=

weld.longultweld.long RR =

boltshearultbolt R50.0R ×=

U of A workU of A work……

……and check the ultimate capacity of and check the ultimate capacity of 
the individual components.the individual components.

e.g., 100% of the bolts alone could be  e.g., 100% of the bolts alone could be  
> 50% of bolt shear strength + weld > 50% of bolt shear strength + weld 
strength, meaning it wasnstrength, meaning it wasn’’t useful to t useful to 
add the welds.add the welds.
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Shear lagShear lag……an illustrationan illustration……

Shear LagShear Lag

L

centroid of area tributary 
to gusset plate

x
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Shear lagShear lag……

unu FA
L
x1P ⎥⎦

⎤
⎢⎣
⎡ −=

AISC rules largely based on physical testsAISC rules largely based on physical tests

with some simplifications provided forwith some simplifications provided for
the most common cases (the most common cases (““U U –– valuesvalues””))

AISC rules work pretty wellAISC rules work pretty well

Shear lagShear lag……

So, for example,So, for example,
WW––shape, flange width not < 2/3 depth of shape, flange width not < 2/3 depth of 
section, bolts, only flanges connected, at section, bolts, only flanges connected, at 
least 3 lines of boltsleast 3 lines of bolts……

AAne ne = 0.90 A= 0.90 Ann

and so on for other casesand so on for other cases



74

Connection design: seismic conditionsConnection design: seismic conditions

•• Frames classified as (simplified list):Frames classified as (simplified list):
–– Ordinary moment frame (OMF)Ordinary moment frame (OMF)
–– Intermediate moment frame (IMF)Intermediate moment frame (IMF)
–– Special moment frame (SPM)  Special moment frame (SPM)  

•• Basis of design:Basis of design:
–– Rotation angle at beam to column junction   Rotation angle at beam to column junction   

OROR
–– Drift per story   (0.01, 0.02, and 0.04 radians Drift per story   (0.01, 0.02, and 0.04 radians 

respectively)respectively)

Seismic contSeismic cont’’dd
•• Analyze structure in order to Analyze structure in order to 

compute the forcescompute the forces
–– Use FEMA 350 and/or AISC Seismic Use FEMA 350 and/or AISC Seismic 

Design Spec.Design Spec.

•• With forces now known, design With forces now known, design 
connectorsconnectors

•• Advisable to use preAdvisable to use pre--qualified qualified 
configurationsconfigurations
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PrePre--qualified bolted connectionsqualified bolted connections

Note: some details not shown, Note: some details not shown, 
e.g., continuity platese.g., continuity plates

……another preanother pre--qualified seismic connectionqualified seismic connection

Note: some details not Note: some details not 
shown, e.g., continuity shown, e.g., continuity 
plates. Bolts in std. holes, plates. Bolts in std. holes, 
sized for bearing, sized for bearing, 
pretensioned.pretensioned.
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……bolted joints, seismic designbolted joints, seismic design

• All bolts pretensioned

• Faying surfaces as per slip-critical

• Use bearing values for bolts
– moderate quakes:  No slip

– major quakes:  Slip will occur and bolts go into bearing 

• Normal holes or short slotted only (perpendicular)

• No bolts + welds in same faying surface

Design Design 
example: example: 
gusset plate gusset plate 
connectionconnection
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30°
3@2.76=8.27

2

19.69

14.76

2.68

15
.7

5

7.22
t = 0.26 in.

Determine ultimate load for this gusset Determine ultimate load for this gusset 
plate (which is one that was tested)plate (which is one that was tested)

Fy = 39.9 ksi

Fu = 69.0 ksi

7/8 A325 bolts

(holes 15/16 in.)

Pu test  =164 kips
(compression)

Set out the issuesSet out the issues……

•• Brace force in tensionBrace force in tension––
–– slip load of bolts (no slip at service load)slip load of bolts (no slip at service load)

–– shear load of boltsshear load of bolts

–– bearing capacity of platebearing capacity of plate

–– block shearblock shear
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ContinuingContinuing……

•• Brace force in compressionBrace force in compression
–– slip capacity of bolts (already checked for load slip capacity of bolts (already checked for load 

in tension)in tension)

–– shear capacity of bolts (already checked for shear capacity of bolts (already checked for 
load in tension)load in tension)

–– bearing capacity of plate (already checked)bearing capacity of plate (already checked)

–– block shear (doesnblock shear (doesn’’t apply)t apply)
–– capacity of gusset plate in compression (New)capacity of gusset plate in compression (New)

Slip load (calculate at factored load level)Slip load (calculate at factored load level)

)boltper(NThDR smscun μ=

1.0planes slip 2N      bolts 8n 
bolts) (A325ksi120F

in.dia.) (7/8 .in60.04/dA

holes) (std.0.1hscale) mill(clean  35.0

s

u

22
b

sc

=φ==
=

=π=

==μ

kips88.37%70ksi120.in60.075.0

%70)F)(A(0.75pretensionbolt  min. spec.T
2

ubm

=×××=

×==
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Slip load calculation contSlip load calculation cont’’d.d.

)boltper(NThDR smscun μ=

bolt/kips96.29
planesslip2kip88.370.113.135.0

=
××××=

kips240  bolts, 8for  ,or

kips240kips2401.0R inally,F n =×=φ

Shear resistance of boltsShear resistance of bolts

bvn AFR φ=φ
Use ø =1.0 so that we can compare this 
load with the test load, assume threads in 
shear plane, no joint length effect

ksi60]ksi12062.0[%80Fv =×=

kips4610.802)kips836.0(
planeshear  in  threadsplanes,shear  2 bolts, 8for  or,

)boltper(kips0.36.in60.0ksi600.1R 2
n

=×××=

=××=φ
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Bearing resistance (use Bearing resistance (use φφ = 1.0)= 1.0)

k/bolt 47.1ksi69.0.in26.0in.8/73
Ftd3 u

=×××
=

k2.41ksi0.69.in26.0.in53.15.1
FtL5.1 uc

=×××
=

ucun Ftd0.3tLF5.1R ≤=

Bearing resistanceBearing resistance……

…the governing value is 41.2 kips/bolt 
and, for 8 bolts—

Bearing resistance is 330 kips
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Block shearBlock shear

3@2.76=8.27

2.00

2.68

ygvuntrr FA60.0FAVT φ+φ=+

2
nt .in45.0)16/1568.2)(26.0(A =−=

2
gv .in34.526.02)00.227.8(A =×+=

Block shear, contBlock shear, cont’’dd

kips0.31ksi0.69.in45.0T 2
r =×=

kips8.127ksi9.39.in34.560.0V 2
r =××=

and the total block shear resistance 
(unfactored) is 158.8 kips
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Brace force in compression:Brace force in compression:

issue is sway issue is sway 
buckling in buckling in 
this regionthis region

Checking the bucklingChecking the buckling……

•• Whitmore method (checks yield)Whitmore method (checks yield)
•• Thornton method (checks buckling)Thornton method (checks buckling)
•• Modified Thornton method (checks Modified Thornton method (checks 

buckling)buckling)
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30°

Whitmore Whitmore 
methodmethod……..

•• Use beam formulae to Use beam formulae to 
check perceived check perceived 
critical sectionscritical sections

•• Use 30Use 30oo , as shown to , as shown to 
check yielding at check yielding at 
location shown.location shown.

•• Does not predict Does not predict 
ultimate capacity very ultimate capacity very 
well, usually well, usually 
conservative but conservative but 
sometimes nonsometimes non--
conservativeconservative

Thornton methodThornton method……
•• Use longest (or Use longest (or 

average) of average) of LL11, , LL22,  ,  LL33
to compute a to compute a 
buckling load on a buckling load on a 
unit width column, unit width column, 
then apply this to the then apply this to the 
total width.total width.

•• Use k = 0.65 in the Use k = 0.65 in the 
column formulaecolumn formulae

30°

L3

L1

L2
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Thornton method, modified

As per Thornton As per Thornton 
method but method but 
spread load out spread load out 
at 45at 45oo

L3

L1

L2

45o

Yam & Cheng gusset plate tests Yam & Cheng gusset plate tests 
(U of A, 13 tests)(U of A, 13 tests)

 

W

u
P
P

 T

u
P
P

 'T

u
P
P

 

mean 1.33 1.67 1.06 

std. dev. 0.26 0.12 0.08 

we’ll use this method
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Calculations for buckling capacity:Calculations for buckling capacity:

L3

L1

L2

Using scale dwg.
L2 = 9.65 in.

Width of the 45o

base is 19.2 in.

0.65k use        F)658.0(F

)0.1 (useFAP

y
F/F

cr

ccrgcnc

ey ==

=φφ=φ

Consider a 1 in. wide Consider a 1 in. wide 
strip that is 9.65 in. longstrip that is 9.65 in. long

t = 0.26t = 0.26

width = 1width = 1
length =9.65 length =9.65 

.in0751.0
126.0

26.01
12
1

A
Ir

3

=
×

××
==

and then completing the calculations, and then completing the calculations, 
PPnn = 6.91 kips (on a 1 in. wide strip)= 6.91 kips (on a 1 in. wide strip)
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And applying this to the total widthAnd applying this to the total width……

Pu = (6.91 k/in.) (19.2 in.) = 132 kips

and the test ultimate load on this particular 
specimen was 164 kips

so, Pu / PT’ = 1.231.23

(The corresponding ratios for Whitmore (The corresponding ratios for Whitmore 
and Thornton for this specimen were 1.31 and Thornton for this specimen were 1.31 
and 1.80)and 1.80)

Summary of our calculationsSummary of our calculations

Brace 
Force 

slip 
load

bolt 
shear

plate 
bearing

block 
shear 

buckling test 
load 

Tension 226 461 330 159 — — 

Compress. — — — — 132 164 
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It all started with rivetsIt all started with rivets……..
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