
6000 STEEL6000. STEEL
6100 &

• 6130 ‐ Design Data, Principles and Tools
6100 & 
6200 • 6140 ‐ Codes and Standards

• 6200 ‐Material

6300
• 6310 ‐Members and Components
• 6320 ‐ Connections, Joints and Details 

d bl• 6330 ‐ Frames and Assembles 

6400
• 6410 ‐ AISC Specifications for Structural Joints
6420 AISC 303 C d f St d d P ti• 6420 ‐ AISC 303 Code of Standard Practice

• 6430 ‐ AWS D1.1 Structural Welding Code 
6500 • 6510 Nondestructive Testing Methods6500 • 6510 ‐ Nondestructive Testing Methods 

• 6520 ‐ AWS D1.1 Structural Welding Code Tests

6600 • 6610 ‐ Steel Construction

BMA Engineering, Inc. – 6000 1

6600 • 6610  Steel Construction
• 6620/6630 ‐ NUREG‐0800 / RG 1.94

6300. Design ‐6300. Design 
6320. Structural Steel Connections, Joints and Details

• General Provisions (Section NJ1)

• Types of Structural Welds and Their ApplicationsTypes of Structural Welds and Their Applications 
(Section NJ2 and AISC Manual Part 8)

• Types of Structural Bolts and Bolted Connections• Types of Structural Bolts and Bolted Connections 
(Section NJ3 and AISC Manual Part 7)

( d l )• AISC Connections (Section NJ and AISC Manual Part 9)

• HSS and Box Member Connections (Section NK)

• Selecting Standard Connections from the AISC Manual 
(AISC Manual Parts 9 & 10)( )

• Seismic Connection
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6320. Structural Steel Connections, 
Joints and Details –
M d l 1 W ldModule 1: Welds

This section of the module covers:
– Introduction 
– Basics of welding
– Fillet weldFillet weld
– LRFD of welded connections
– Eccentric shear in welds– Eccentric shear in welds
– Welding problems
Prequalified welds– Prequalified welds

BMA Engineering, Inc. – 6000 3

Types of WeldsTypes of Welds
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Uses of Fillet WeldsUses of Fillet Welds

BMA Engineering, Inc. – 6000 5

Complete and Partial Penetration 
Groove Welds
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Types of Groove WeldsTypes of Groove Welds
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Plug or Slot WeldPlug or Slot Weld
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Stitch or Skip WeldStitch or Skip Weld
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Basic of WeldingBasic of Welding

• Structural welding is a process whereby the parts to be 
connected are heated and fused with a molten filler 
metal. 

• Upon cooling the structural steel (parent metal) andUpon cooling, the structural steel (parent metal) and 
weld or filler metal will act as one continuous part. The 
filler metal is deposited from a special electrode Afiller metal is deposited from a special electrode. A 
number of welding processes are used, depending on 
the applicationthe application 
– Field welds

Shop welds

10

– Shop welds
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Welding Process and Metallurgye d g ocess a d eta u gy
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Welding ElectrodesWelding Electrodes

The American Welding Society (AWS) has 
developed specifications for the filler metals 
to cover arc welding of the following steels:g g
• Carbon

• Alloy• Alloy

• Stainless and corrosion‐resisting
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AWS Electrode ClassificationAWS Electrode Classification
AWS ELECTRODE CLASSIFICATION SYSTEM

Digit Significance Example
1st  two or Minimum tensile strength E-60xx  =  60,000 psi (min)
1st  three

2nd last

g
( stress relieved )

Welding position

, p ( )
E-110xx = 110,000 psi (min)

E xx1x = all positions2nd  last Welding position E-xx1x = all positions
E-xx2x = horizontal and flat
E-xx3x = flat

Last Power supply, type of slag,
type of arc, amount of
penetration, presence ofpenetration, presence of 
iron powder in coating

NOTE: Prefix “E” ( to left of 4 or 5-digit number) signifies arc welding electrodeNOTE:  Prefix  E   ( to left of 4 or 5 digit number) signifies arc welding electrode
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Basic of weldingBasic of welding
Minimum weld size maximum weld size and minimum length:Minimum weld size, maximum weld size, and minimum length:
• The minimum size of a fillet weld is a function of the 

thickness of the thicker connected part. See AISC Table J2.4 p
for details.

• The maximum size of a fillet weld is as follows:
– Along the edge of a connected part less than ¼‐inch thick, the maximum 

fillet weld size (w) equals the plate thickness
– For other values of plate thickness t the maximum weld size is t ‐1/16 inFor other values of plate thickness, t, the maximum weld size is t  1/16 in.
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Basic of weldingBasic of welding

• The minimum permissible length of a fillet weld is 4 times its size. 
If only a shorter length is available, w = L/4. For the welds in the 
connection shown below L W to address shear lag in suchconnection shown below, L W to address shear lag in such 
connections.

• When a weld extends to the corner of a member it must beWhen a weld extends to the corner of a member, it must be 
continued around the corner (an end return)
– Prevent stress concentrations at the corner of the weld
– Minimum length of return is 2w

15BMA Engineering, Inc. – 6000

Effective Area of Welds
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Fillet WeldFillet Weld

• The design and analysis of fillet welds is based on the assumption 
that the geometry of the weld is a 45‐degree right triangle

St d d ld i d i i t th f i h• Standard weld sizes are expressed in sixteenths of an inch.

• Failure of fillet welds is assumed to occur in shear on the throat.
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Fillet WeldFillet Weld

• The critical shearing stress on a weld of length L is given by 

f = P/(0.707wL)

• If th lti t h i t i th ld i t d F th i l d i• If the ultimate shearing stress in the weld is termed FW, the nominal design 
strength of the weld can be written as

Rn = 0.707wL(Fw)= 0.707wL(0.75[0.6FEXX])=0.32wLFEXXn w EXX EXX

• For E70XX and E80XX electrodes, the design stresses are Fw, or 31.5 ksi and 
36 ksi, respectively.

• In addition the factored load shear on the base metal shall not produce a• In addition, the factored load shear on the base metal shall not produce a 
stress in excess of FBM, where FBM is the nominal shear strength of the 
connected material. The factored load on the connection is thus subjected to 
h l fthe limit of

Rn = FBMAg = 0.90(0.6Fy)Ag = 0.54FyAg
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Eccentric 
Sh iShear in 
WeldsWelds
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Eccentric Shear in Welds

•Eccentricity in the plane of the faying surface
•Instantaneous center of rotation methodInstantaneous center of rotation method
•Elastic method

•Eccentricity normal to  the plane of the faying surface
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Welding ProblemsWelding Problems

•Lamellar tears

•Weld shrinkage and•Weld shrinkage and

structural distortion

•Residual stresses

•Fatigue sensitivity
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Lamellar TearsLamellar Tears
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Pre bending for Weld ShrinkagePre‐bending for Weld Shrinkage
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AISC Standard ConnectionsAISC Standard Connections 
and Suggested Details

This last section of the module

covers the following:

• Prequalified welds• Prequalified welds

• Suggested details• Suggested details 
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Prequalified  Welds
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Prequalified Complete Penetration 
Groove Welds
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Prequalified Complete Penetration 
Groove Welds (Cont’d.)
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Prequalified Partial Penetration 
Groove Welds
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6300. Design ‐6300. Design 
6320. Structural Steel Connections, Joints and Details 

Objective and Scope Met

d l ld• Module 1: Welds
– Introduction 
– Basics of welding
– Fillet weld
– LRFD of welded connections
– Eccentric shear in weldsEccentric shear in welds
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6320. Structural Steel Connections, 
Joints and Details –
M d l 2 B ltModule 2: Bolts

This section of the module covers:This section of the module covers:
– Introduction of Fasteners

l d f b l d h– Failure modes of bolted shear connections
– LRFD ‐ Fasteners
– LRFD of slip‐critical connections
– Eccentric shear in bolts
– Fasteners in combined shear and tension
– Design and Erection ConcernsDesign and Erection Concerns
– Prequalified bolts
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Bolted ConnectionsBolted Connections
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Riveted ConnectionsRiveted Connections
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Pinned ConnectionsPinned Connections
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Properties of Structural Boltsp

MINIMUM

ASTM DESIGNATION BOLT DIAMETER, in. 

MINIMUM
TENSILE

STRENGTH,

MINIMUM
YIELD

STRENGTH,
STRENGTH,

ksi
ksi, 0.2%
OFFSET

A307  l b  t l 1/4   t   4 60A307, low-carbon steel 1/4   to  4 60 _

High-strength
Structural bolts:Structural bolts:

A325, medium-carbon 
steel

1/2  to 1
1 1/8  t  1 1/2

120
105

92
81steel

A490, alloy steel

1- 1/8  to 1- 1/2

1/2  to 1- 1/2

105

150

81

130
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Unfinished Bolts (A307)Unfinished Bolts (A307)

• Made from low‐carbon steel

• Minimum tensile strength of 60 ksi

• Least expensive

• More are required in a particular connection• More are required in a particular connection

• Used in light structures

• Manufactured in grades A and B

• Induced tension is relatively small and

unpredictable

BMA Engineering, Inc. – 6000 35

High Strength Bolts (A325)High‐Strength Bolts (A325)

• Most commonly used high‐strength bolt

• Made of heat‐treated medium‐carbon steel

• Tensile strength decreases as the diameter

increasesincreases

• Available in Types 1, 2, and 3
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High Strength Bolts (A490)High‐Strength Bolts (A490)

•Made of heat‐treated alloy steel

in one tensile strength gradein one tensile‐strength grade

A il bl i T 1 2 d 3•Available in Types 1, 2, and 3 
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High‐Strength Bolts 
(A325) and (A490)

/ /• 3/4 in. and 7/8 in. Most common

diameters in building construction
• Used for anchor bolts and threaded

rods

• Tightened to develop large tensions

• Sufficient pre‐tension force requiredp q

• Installed with initial tension 70% of

specified minimum tensile strengthspecified minimum tensile strength 
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Connection TypesConnection Types

•Friction type:  where high‐slip

resistance is desiredresistance is desired

•Bearing type:  where high‐slipg yp g p

resistance is unnecessary
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Introduction of FastenersIntroduction of Fasteners

T di i f b l i ll i d i h hi h h• Two conditions of bolt installation are used with high‐strength 
bolts
– Snug‐tight (producing a bearing connection)Snug tight (producing a bearing connection)

• Few impacts of an impact wrench
• Full effort of a worker with an ordinary spud wrench

T i d ( d i li i i l i )– Tensioned (producing a slip‐critical connection)
• Turn‐of‐nut method: specified number of rotations of the nut from snug 
tight (nut rotations correlated to bolt elongation)

• Calibrated wrench tightening
• Alternate design bolts: specially design bolts whose tops twist off when 
the proper tension has been achievedp p

• Direct tension indicators: compress washer (under bolt head or nut) 
with protrusions to a gap that is correlated to bolt tension

Ref: AISC LRFD p.16.4-46 thru -52
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Overview of Theory for DesignOverview of Theory for Design
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Possible Failure ModesPossible Failure Modes
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Failure Mode of Bolted ShearFailure Mode of Bolted Shear 
Connections

Failure of the connected parts , separated into two categories.

1. Failure resulting from excessive tension, shear, or bending in 
the parts being connected

F t i b t id t i th t– For a tension member must consider tension on the net 
area, tension on the gross area, and block shear

For beam beam or beam column connections must– For beam‐beam or beam‐column connections, must 
consider block shear

– Gusset plates and framing angles must be checked for PGusset plates and framing angles must be checked for P, 
M, and V
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Failure Mode of Bolted Shear 
Connections

2. Failure of the connected part because of bearing
exerted by the fastener (average bearing stress is fp = 
P/dt)P/dt)

– If the hole is slightly larger than the fastener and the fastener 
is assumed to be placed loosely in the hole (rarely the case),is assumed to be placed loosely in the hole (rarely the case), 
contact between the fastener and the connected part will exist 
over approximately 50% of the circumference of the fastener. 
The bearing problem is affected by the edge distance and bolt– The bearing problem is affected by the edge distance and bolt 
spacing
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LRFD FastenersLRFD ‐ Fasteners
• generalQR  general 

– where = resistance factor (strength reduction factor)
– = nominal resistance (strength)

iin QR 


nR

– = overload factors (LRFD‐A4.1)
– = loads (such as dead load, live load, wind load, earthquake 

load) of load effects (such as bending moment, shear, axial force, and 

i

iQ

torsional moment resulting from the various loads)

f tPR • fasteners 
– where = resistance factor, 0.75 for fracture in tension, shear on high‐

strength bolts, and bearing of bolt against side of hole

un PR 


– = nominal strength of one fastener
– = factored load on one fastener

nR

uP
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LRFD FastenersLRFD – Fasteners

Design shear strength – no threads in shear planes (X)
•

where = 0 75 the standard value for shear

b
b

un mAFR )50.0(75.0

– where = 0.75, the standard  value for shear
– = tensile strength of the bolt material (120 ksi for A325X 

bolts; 150 ksi for A490X bolts)


b

uF

– = the number of shear planes participating [usually one 
(single shear) or two (double shear)]

– = gross cross-sectional area across the unthreaded shank of 

m

bA
the bolt

Design shear strength – threads in shear planes (N)
•

b
b

un mAFR )40.0(75.0
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LRFD FastenersLRFD – Fasteners

Design tensile strength
•

b
b

un AFR )75.0(75.0

– where = 0.75, a value for the tensile fracture mode

bun )(


b– = tensile strength of the bolt material (120 ksi for A325 

bolts; 150 si for A490 bolts)

– = gross cross‐sectional area across the unthreaded shank of

b
uF

bA  gross cross sectional area across the unthreaded shank of 
the bolt

bA
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LRFD FastenersLRFD – Fasteners

Design bearing strength
1. Usual conditions based on the deformation limit state, according g

to LRFD-Formula (J3-1a).  This applies for all holes except 
long-slotted holes perpendicular to the line of force, where end 
distance is at least 1 5d the center-to-center spacing s is at leastdistance is at least 1.5d, the center-to-center spacing s is at least 
3d, and there are two or more bolts in the line of force.

(4.7.9)
)42( dtFR – where = 0.75

– d = nominal diameter of bolt at unthreaded area
– t = thickness of part against which bolt bears

)4.2( un dtFR 

t  thickness of part against which bolt bears
– = tensile strength of connected part against which bolt bears
– = distance along line of force from the edge of the connected part 

t th t f t d d h l th t f h t d l l tt d

uF

eLto the center of a standard hole or the center of a short- and long-slotted 
hole perpendicular to the line of force.

e
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LRFD FastenersLRFD – Fasteners

Design bearing strength (cont)
2. Deformation limit state for long‐slotted holes perpendicular to the line of force, 

h d di L i l 1 5 d h i i lwhere end distance Le is at least 1.5 d, the center‐to‐center spacing s is at least 
3d, and there are two or more bolts in the line of force, according to LRFD‐
Formula (J3‐1d).

where = 0.75
)0.2( un dtFR 


3. Strength limit state for the bolt nearest the edge, according to LRFD‐Formulas 

(J3‐1b), (J3‐2a), and (J3‐2c)



FLR 
4. Strength limit state when hole elongation exceeding 0.25 in. and hole 

“ovalization” can be tolerated, LRFD‐Formulas (J3‐1b) and (J3‐1c) give,

uen tFLR 

)0.3( un dtFR 
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LRFD FastenersLRFD – Fasteners

Minimum spacing and end distance (Le) in line of 
transmitted force

Spacing
2
d

tF
P

u






where = 0.75
P = factored load acting on one bolt



Fu = tensile strength of plate material
t = thickness of plate material
d = diameter of the boltd = diameter of the bolt

PLe  tF
L

u
e 

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LRFD FastenersLRFD – Fasteners

Maximum edge distance – 12 t  6”, where t is the 
thickness of the connected part.

Maximum spacing of connectorsp g
(a) For painted members or unpainted members not subject 
to corrosion,  24t  12”

(b) For unpainted members of weathering steel subject to 
atmospheric corrosion,  14t  7”
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LRFD Slip critical ConnectionsLRFD Slip‐critical Connections

• A connection with high‐strength bolts is classified as either a 
bearing or slip‐critical connection.

• Bearing connections the bolt is brought to a snug tight condition• Bearing connections ‐ the bolt is brought to a snug‐tight condition 
so that the surfaces of the connected parts are in firm contact.
– Slippage is acceptableSlippage is acceptable
– Shear and bearing on the connector

• Slip‐critical connections ‐ no slippage is permitted and the friction p pp g p
force described earlier must not be exceeded.
– Slippage is not acceptable (Proper installation and tensioning is 
k )key)

– Must have sufficient shear an d bearing strength in the event of 
overload that causes slip. AISC J3.8 for details.overload that causes slip. AISC J3.8 for details.
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LRFD Sli iti l C tiLRFD Slip‐critical Connections

•
– Where Rstr= nominal slip resistance per bolt at factored loads

b f li ( h ) l

mTR istr 13.1

– m = number of slip (shear) planes
– Ti = minimum fastener initial tension given in LRFD‐Table J3.1
– = mean slip coefficient, as applicable, or as established by testsp , pp , y
– = 0.35 for Class A surface condition
– = 0.50 for Class B surface condition



–
– = 1.0 for standard holes (S&J Example 4.9.2)
– = 0.85 for oversize and short‐slotted holes



– = 0.70 for long‐slotted holes
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Eccentric ShearEccentric Shear
1. Instantaneous center of rotation method – more accurate 

but requires the use of tabulated values of an iterative 
solution.

2. Classic method – simplified but may be excessively 
conservative because it neglects the ductility of the bolt 

d th t ti l f l d di t ib tigroup and the potential for load redistribution.
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Combined Shear and TensionCombined Shear and Tension

Bearing‐type connections                          Slip‐critical connections
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Design and Erection ConcernsDesign and Erection Concerns

• Corrosion:  reduces strength of bolts

• Misuse of bolts: engineers must adhere to AISCMisuse of bolts:  engineers must adhere to AISC

specifications and design requirements

• Improper torque:  if torque is too small, 
slippagepp g

occurs; if torque is too large, the bolt fractures

• Bolt fatigue due to vibration:  loosen bolts,

resulting in prying actionresulting in prying action   
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Joint Type Specification (2)

57BMA Engineering, Inc. – 6000

Suggested DetailsSuggested Details

AISC Manual of Steel Construction provides a 
number of suggested connection detailsnumber of suggested connection details, 
covering the following:
• Beam framing

• Column base plates

• Column splices

• Miscellaneous• Miscellaneous 
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Suggested Details for Skewed and
Sloped Beam Connections
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Suggested Details for Skewed and
Sloped Beam Connections
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6300. Design ‐6300. Design 
6320. Structural Steel Connections, Joints and Details 

Objective and Scope Met

M d l 2 B lt• Module 2: Bolts
– Introduction of Fasteners
– Failure modes of bolted shear connections
– LRFD ‐ Fasteners
– LRFD of slip‐critical connections
– Eccentric shear in bolts
– Fasteners in combined shear and tension
– Design and Erection ConcernsDesign and Erection Concerns
– Prequalified bolts

BMA Engineering, Inc. – 6000 61

6320. Structural Steel Connections, 
Joints and Details –

M d l 2 C tiModule 2: Connections
This section of the module covers:This section of the module covers:

– Types of Structural Bolts and Bolted Connections 
( d l )(Section NJ3 and AISC Manual Part 7)

– AISC Connections (Section NJ and AISC Manual 
Part 9)

– HSS and Box Member Connections (Section NK)( )

– Selecting Standard Connections from the AISC 
Manual (AISC Manual Parts 9 & 10)Manual (AISC Manual Parts 9 & 10)
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Steel Frame Connection Types

Th S ifi ti f St t l St l B ildi (AISC 2005) d fi t t fThe Specification for Structural Steel Buildings (AISC 2005) defines two types of
connections:
• Simple Connections (above left)

63

• Moment Connections (above right)

 Fully-Restrained and Partially-RestrainedBMA Engineering, Inc. – 6000

Steel Frame Connection Types

(AISC)

• All connections have a certain amount of rigidity

• Simple connections (A above) have some rigidity, but are

( )

p ( ) g y
assumed to be free to rotate

• Partially-Restrained moment connections (B and C above)
are designed to be semi rigid

64

are designed to be semi-rigid

• Fully-Restrained moment connections (D and E above) are
designed to be fully rigidBMA Engineering, Inc. – 6000



Simple Connections

• Designed as flexible connections

• Connections are assumed to be free to rotate

• Vertical shear forces are the primary forces transferred by the connection

65

• Require a separate bracing system for lateral stability

• The following few slides show some common simple framing connectionsBMA Engineering, Inc. – 6000

Common Simple Connections

Single Plate Connection (Shear Tab)

A plate is welded to the supporting 

Double Angle Connection

The in-plane pair of legs are p pp g
member and bolted to the web of the 

supported beam

p p g
attached to the web of the supported 

beam and the out-of-plane pair of 
legs to the flange or web of the 

66

supporting member

(Green, Sputo, and Veltri)BMA Engineering, Inc. – 6000

Common Simple Connections

Shear End Plate Connection

A plate is welded perpendicular to 

Single Angle Connection

One leg is attached to the web of the p p p
the end of the supported web and 

attached to the supporting member

g
supported beam and the other leg to 
the flange or web of the supporting 

member

67(Green, Sputo, and Veltri)BMA Engineering, Inc. – 6000

Common Simple Connections

Seated Connection
An angle is mounted with one leg 

vertical against the supporting

Tee Connection
The stem of a WT section is 

t d t th t d bvertical against the supporting 
column, and the other leg provides a 

“seat” upon which the beam is 
mounted

connected to the supported member 
and the flange attached to the 

supporting member
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mounted 
A stabilizer connection is also 
provided at the top of the web (Green, Sputo, and Veltri)BMA Engineering, Inc. – 6000



Moment Connections

• Designed as rigid connections which allow little or no rotation

 Used in rigid frames

• Moment and vertical shear forces are transferred through the connection

• Two types of moment connections are permitted:

69

 Fully-Restrained

 Partially-RestrainedBMA Engineering, Inc. – 6000

Moment Connections

70BMA Engineering, Inc. – 6000

Common FR Connections

Bolted Flange Plate ConnectionWelded Flange Plate Connection

Top and bottom flange-plates connect the flanges of theTop and bottom flange plates connect the flanges of the 
supported member to the supporting column

A single plate connection is used to transfer vertical shear 
forces

71

forces

(Green, Sputo, and Veltri)BMA Engineering, Inc. – 6000

Common FR Connections

Bolted Extended End-Plate Connection

A plate is welded to the flanges and 

Welded Flange Connection

Complete-joint-penetration groove p g
web of the supported member and 

bolted with high-strength bolts to the 
supporting column

p j p g
welds directly connect the top and 
bottom flanges of the supported 

member to the supporting column
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A shear connection on the web is 
used to transfer vertical shear forces(Green, Sputo, and Veltri)BMA Engineering, Inc. – 6000



Common PR Connections

PR Moment Connection – Wind Only

A double angle simple connection 
transfers vertical shear forces while

Top and Bottom Angle with Shear 
End Plate Connection

Angles are bolted or welded to thetransfers vertical shear forces while 
top and bottom flange plates resist 
moment forces produced by wind

Angles are bolted or welded to the 
top and bottom flanges of the 
supported member and to the 

supporting column

73

Note that the size of the flange plate 
is relatively small in comparison to the 

beam flange

supporting column

A shear end plate on the web is 
used to transfer vertical shear forcesBMA Engineering, Inc. – 6000

CONNECTION TYPES 
(AISC ‘Economical steelwork’, 4th Edition)

• Flexible (AISC Fig. 3.1) (Pinned), and

Ri id C ti (AISC Fi 3 2)• Rigid Connections (AISC Fig. 3.2)

74BMA Engineering, Inc. – 6000

Flexible (Pinned)Flexible (Pinned)

ConnectionsConnections

75BMA Engineering, Inc. – 6000

Rigidg

Connections

76BMA Engineering, Inc. – 6000



Flexible ConnectionsFlexible Connections

• Assumed to behave as a simple supportAssumed to behave as a simple support

• Simple to fabricate

• Simple to erect

• Less costly of the two connection typesLess costly of the two connection types

77BMA Engineering, Inc. – 6000

Rigid ConnectionsRigid Connections

M l t f b i t• More complex to fabricate
• More difficult to erect when tight tolerances are 
i l dinvolved

• More costly of the two connection types
• The above connections can be used in the three 
basic framing systems available:
– Two‐way rigid framework (AISC Fig. 3.3)
– One‐way rigid/ one‐way braced framework (AISC Fig. 
3.4)

– Two‐way braced framework (AISC Fig. 3.5)

78BMA Engineering, Inc. – 6000

D bl A l C tiDouble‐Angle Connection

For bolted connection (AISC Tables 10-1 or -2)

79BMA Engineering, Inc. – 6000

Double‐Angle Connection

For welded connection (AISC Table 10-3)

80BMA Engineering, Inc. – 6000



Double Angle Connection (coped)Double‐Angle Connection (coped)

For all bolted connection (AISC Tables 10-1 or -2  w/ 
Tables 9-2, -3, & -4)

81BMA Engineering, Inc. – 6000

Double‐Angle Connection (coped)

For bolted/welded connection (AISC Tables 10-
2 or -3)

82BMA Engineering, Inc. – 6000

Unstiffened Seated Connection

For all bolted connection (AISC Table 10-5)

For bolted/welded connection (AISC Tables 10-
5 & -6)
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Stiffened Seated Connection

For all welded connection (AISC Tables 10-7 or 8) 

84BMA Engineering, Inc. – 6000



Si l Pl t C tiSingle‐Plate Connection

For single-plate connection (AISC Table 10-9)

85BMA Engineering, Inc. – 6000

Single Plate ConnectionSingle‐Plate Connection

For extended single-plate connection

86BMA Engineering, Inc. – 6000

Single‐Plate Shear Splice

For all bolted shear splcep

87BMA Engineering, Inc. – 6000

Single‐Plate Shear Splice

For welded shear splice

88BMA Engineering, Inc. – 6000



Bracket Plate Design

For bolt bracket plate

89BMA Engineering, Inc. – 6000

Bracket Plate Design

For welded bracket plate

90BMA Engineering, Inc. – 6000

Eccentrically‐Loaded Group

Elastic Method

For bolt group

Elastic Method
(AISC Tables 7-7~14 for IC Method)

91BMA Engineering, Inc. – 6000

Eccentrically‐Loaded Group

Elastic Method

For welded group

(AISC Tables 8-4~11 for IC Method)
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Single‐Angle Connection

For all bolted single angle connectionFor all bolted single-angle connection 
(AISC Table 10-10)

93BMA Engineering, Inc. – 6000

l lSingle‐Angle Connection

For bolted/welded single-angle connection

(AISC Tables 10-10 or -11)

94BMA Engineering, Inc. – 6000

Tee Connection

For all bolted tee connection
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Tee Connection
For bolted/ elded tee connectionFor bolted/welded tee connection
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CONNECTION JOINING TUBULAR MEMBERS (CHS)
CIRCULAR HOLLOW SECTIONS

97BMA Engineering, Inc. – 6000

United Airlines Terminal
O'Hare International AirportO Hare International Airport

98The Rose Center for Earth and Space, NYBMA Engineering, Inc. – 6000

6300. Design ‐6300. Design 
6320. Structural Steel Connections, Joints and Details 

Objective and Scope Met

M d l 2 C ti• Module 2: Connections
– Types of Structural Bolts and Bolted Connections 
(Section NJ3 and AISC Manual Part 7)

– AISC Connections (Section NJ and AISC Manual (
Part 9)

– HSS and Box Member Connections (Section NK)HSS and Box Member Connections (Section NK)

– Selecting Standard Connections from the AISC 
Manual (AISC Manual Parts 9 & 10)Manual (AISC Manual Parts 9 & 10)

BMA Engineering, Inc. – 6000 99

6320. Structural Steel Connections, 
Joints and Details –

M d l 4 S i i C tiModule 4: Seismic Connections
This section of the module covers:This section of the module covers:

– Seismic Load Resisting Systems for Steel Buildings
M t R i ti F• Moment Resisting Frames

• Concentrically Braced Frames
• Eccentrically Braced FramesEccentrically Braced Frames
• Buckling Restrained Braced Frames
• Special Plate Shear Walls

– Steel MRF Seismic Connection
• Past
• Present

BMA Engineering, Inc. – 6000 100



Seismic Load Resisting Systems
for Steel Buildings

• Moment Resisting Framesg

• Concentrically Braced Frames

• Eccentrically Braced Frames

• Buckling Restrained Braced Frames

• Special Plate Shear Walls

BMA Engineering, Inc. – 6000 101

MOMENT RESISTING FRAME (MRF)
Beams and columns with moment resisting connections;  resist 
lateral forces by flexure and shear in beams and columns ‐ i.e. 
by frame action.

Develop ductility primarily by flexural yielding of the beams:

AdvantagesAdvantages

• Architectural Versatility
• High Ductility and SafetyHigh Ductility and Safety

Disadvantages

• Low Elastic Stiffness
BMA Engineering, Inc. – 6000 102

MOMENT 
RESISTING FRAME 

(MRF)(MRF)
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MOMENT RESISTING FRAME (MRF)
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MOMENTMOMENT 
RESISTING 

FRAME (MRF)

Inelastic Response of a 
S l M R i iSteel Moment Resisting 
Frame
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Concentrically Braced Frames (CBFs)
Beams, columns and braces arranged to form a vertical truss.  
Resist lateral earthquake forces by truss action.q y

Develop ductility through inelastic action in braces.Develop ductility through inelastic action in braces.

‐ braces yield in tension
‐ braces buckle in compressionp

Advantages

‐ high elastic stiffness

Disadvantages

‐ less ductile than other systems (SMFs, EBFs, BRBFs) y ( , , )
‐ reduced architectural versatility
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Concentrically Braced Frames (CBFs)
Types of CBFs

Single Diagonal Inverted V- Bracing V- Bracing

X- Bracing Two Story X- BracingBMA Engineering, Inc. – 6000 107

Concentrically Braced Frames (CBFs)
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C t i llConcentrically 
BracedBraced 
Frames 
(CBFs)
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Concentrically Braced Frames (CBFs)
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Concentrically Braced Frames (CBFs)
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Inelastic Response of CBFs under Earthquake Loading
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Inelastic Response of CBFs under Earthquake Loading

Tension Brace: Yields
(d til )

Compression Brace: Buckles
(ductile) (nonductile)

Columns and beams: remain essentially elastic

BMA Engineering, Inc. – 6000 113

Inelastic Response of CBFs under Earthquake Loading

Compression Brace 
( i l  i  t i )  

Tension Brace (previously in 
(previously in tension): 
Buckles
(nonductile)

compression): Yields
(ductile)

Columns and beams: remain essentially elastic
BMA Engineering, Inc. – 6000 114

Eccentrically Braced Frames (EBFs)

• Framing system with beam, columns and braces. At least one end g y ,
of every brace is connected to isolate a segment of the beam called 
a link.

• Resist lateral load through a combination of frame action and truss 
action. EBFs can be viewed as a hybrid system between moment 
frames and concentrically braced framesframes and concentrically braced frames.

• Develop ductility through inelastic action in the links.p y g

• EBFs can supply high levels of ductility (similar to MRFs), but can 
also provide high levels of elastic stiffness (similar to CBFs)

BMA Engineering, Inc. – 6000 115

e Link

Eccentrically 

e Link
Braced 
FramesFrames 
(EBFs)
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e Link

Eccentrically

e Link

Eccentrically 
Braced 

Frames (EBFs)Frames (EBFs)
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Some possible bracing arrangement for EBFS

e e e e

e

e
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Eccentrically Braced Frames (EBFs)
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Eccentrically 
Braced FramesBraced Frames 

(EBFs)
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Eccentrically Braced Frames (EBFs)
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Eccentrically Braced Frames (EBFs)
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Eccentrically Braced Frames (EBFs)

BMA Engineering, Inc. – 6000 123

Inelastic Response of EBFs
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Inelastic Response of EBFs
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Inelastic Response of EBFs

BMA Engineering, Inc. – 6000 126

Buckling‐Restrained Braced Frames (BRBFs)

• Type of concentrically braced frame.
• Beams columns and braces arranged to form a verticalBeams, columns and braces arranged to form a vertical 

truss.  Resist lateral earthquake forces by truss action.
• Special type of brace members used: Buckling‐Restrained 

Braces (BRBs). BRBS yield both in tension and compression 
‐ no buckling !!

• Develop ductility through inelastic action (cyclic tensionDevelop ductility through inelastic action (cyclic tension 
and compression yielding) in BRBs. 

• System combines high stiffness with high ductility.
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Buckling‐Restrained Brace 
Buckling-
Restrained Brace:
Steel CoreStee Co e
+
Casing

Casing

St l CSteel Core

BMA Engineering, Inc. – 6000 128



Buckling‐Restrained Brace 
Buckling-
Restrained Brace:
Steel CoreA Stee Co e
+
CasingA

Steel CoreCasing

Debonding material

Steel jacket
Mortar

Section A-A

Debonding material

Section A A

BMA Engineering, Inc. – 6000 129

Buckling‐Restrained Brace 

PP P

Steel core resists entire axial force P

Casing is debonded from steel core
- casing does not resist axial force P

f ff f f- flexural stiffness of casing restrains buckling of core

BMA Engineering, Inc. – 6000 130

Buckling‐Restrained Brace 
Buckling-
Restrained Brace:
Steel CoreStee Co e
+
Casing

Steel CoreSteel Core

Yielding Segment

Core projection and 
brace connection 
segmentsegment

BMA Engineering, Inc. – 6000 131

Bracing Configurations for BRBFsg g

Single Diagonal Inverted V- Bracing V- Bracing

X- Bracing Two Story X- Bracing
BMA Engineering, Inc. – 6000 132



Buckling‐Restrained Braced Frames (BRBFs)
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Buckling‐Restrained Braced Frames (BRBFs)
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Buckling‐Restrained Braced Frames (BRBFs)
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Buckling‐Restrained Braced Frames (BRBFs)
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Inelastic Response of BRBFs under Earthquake Loading
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Inelastic Response of BRBFs under Earthquake Loading

Tension Brace: Yields Compression Brace: Yields

Columns and beams: remain essentially elastic
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Inelastic Response of BRBFs under Earthquake Loading

Compression Brace: Yields Tension Brace: Yields

Columns and beams: remain essentially elastic

BMA Engineering, Inc. – 6000 139

Special Plate Shear Walls (SPSW)
bl f i i f i id f i fill d i h hi• Assemblage of consisting of rigid frame, infilled with thin 

steel plates.
• Under lateral load system behaves similar to a plate girder• Under lateral load, system behaves similar to a plate girder. 

Wall plate buckles under diagonal compression and forms 
tension field.

• Develop ductility through tension yielding of wall plate 
along diagonal tension field. 

• System combines high stiffness with high ductility.
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Special Plate Shear Walls (SPSW)
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Special Plate Shear Walls (SPSW)
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Special Plate Shear Walls (SPSW)
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Special Plate 
Sh W llShear Walls 
(SPSW)
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Special Plate Shear Walls (SPSW)

Plate‐Girder Analogy

BMA Engineering, Inc. – 6000 145

Inelastic Response of a SPSW

f

Inelastic Response of a SPSW

Development of 
tension diagonals

Shear buckling

BMA Engineering, Inc. – 6000 146

Design of Seismic‐Resistant Steel Building 
Structures: A Brief OverviewStructures: A Brief Overview

• Earthquake Effects on Structures

• Performance of Steel Buildings in Past Earthquakes

• Building Code Philosophy for Earthquake‐Resistant Design and 

Importance of Ductility

• Design Earthquake Forces: ASCE‐7Design Earthquake Forces: ASCE 7

• Steel Seismic Load Resisting Systems

• AISC Seismic Provisions

BMA Engineering, Inc. – 6000 147

2005 AISC Seismic Provisions
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STEEL MRF SEISMIC CONNECTION 
INTRO AND PRESENTATION OVERVIEW

•• Early development of steel Early development of steel •• Early development of steel Early development of steel 
moment connectionsmoment connections

•• Evolution to prequalified standard Evolution to prequalified standard Evolution to prequalified standard Evolution to prequalified standard 
seismic steel moment connectionsseismic steel moment connections

•• Recent prescriptive seismic Recent prescriptive seismic 
moment connection failuresmoment connection failures

•• New AISC Seismic Provisions and New AISC Seismic Provisions and 
prequalified connectionsprequalified connectionsprequalified connectionsprequalified connections

R f th AISC S i i P i i fR f th AISC S i i P i i fRef: the AISC Seismic Provisions free Ref: the AISC Seismic Provisions free 
at at http://www.aisc.org/http://www.aisc.org/

R f FEMA 350 f tR f FEMA 350 f tRef: FEMA 350 free at Ref: FEMA 350 free at 
http://www.fema.govhttp://www.fema.gov
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EARLY DESIGN INFORMATIONEARLY DESIGN INFORMATION
• Early built up shapes gave way to rolled 
shapes and riveted connections in the 
1920s

• Riveted steel connections: 1920s 
th h th 1950through the 1950s
–Angle and tee flange connections
1960 d 1970 h k i• 1960s and 1970s earthquake resistant 
design philosophies began to be 
developed

T-Stub Connection

p

• Buildings with these riveted 
connections performed satisfactorily 
h bj t d t i i l dwhen subjected to seismic loads 

• No documented failures of these 
connections during the recent large‐connections during the recent large‐
scale earthquake at Northridge in the 
United States

Clip Angle Connection
BMA Engineering, Inc. – 6000 150

RIVETED MOMENT CONNECTION 
PERFORMANCE

•• Results of later cyclic testing performed on the tee stub Results of later cyclic testing performed on the tee stub 
and clip angle riveted connections include the and clip angle riveted connections include the 
following:following:

•• Performed as partially restrained connections with Performed as partially restrained connections with 
the Tthe T--stub connector being stifferstub connector being stiffer

•• Good rotational capacityGood rotational capacityGood rotational capacityGood rotational capacity

•• The failure mode or yield mechanism had a direct The failure mode or yield mechanism had a direct 
correlation to the connection ductilitycorrelation to the connection ductility

•• The fireproofing concrete encasement of the steel The fireproofing concrete encasement of the steel 
sections increased connection strength through sections increased connection strength through 
composite actioncomposite action

•• Good connection performance attributed to:Good connection performance attributed to:

•• Utilization at all beam to column interfaces Utilization at all beam to column interfaces 

•• Steel frames Steel frames infilledinfilled with masonry partitionswith masonry partitions•• Steel frames Steel frames infilledinfilled with masonry partitionswith masonry partitions

•• Steel generally encased in concrete for fire Steel generally encased in concrete for fire 
resistanceresistanceBMA Engineering, Inc. – 6000 151

PREQUALIFIED BOLTED/WELDED CONNECTIONS 
(1960s THROUGH NORTHRIDGE)(1960s THROUGH NORTHRIDGE)

••Prescriptive Moment ConnectionPrescriptive Moment Connection
••Welded flange and bolted webWelded flange and bolted web

Ad t d b  UBC i  1970Ad t d b  UBC i  1970
••Expected to have good ductile behaviorExpected to have good ductile behavior

D l  f ll l ti  t f bD l  f ll l ti  t f b••Adopted by UBC in 1970sAdopted by UBC in 1970s ••Develop full plastic moment of beamDevelop full plastic moment of beam

••Monotonic and cyclic loading tests predominantly showed the connection as ductile with Monotonic and cyclic loading tests predominantly showed the connection as ductile with ••Monotonic and cyclic loading tests predominantly showed the connection as ductile with Monotonic and cyclic loading tests predominantly showed the connection as ductile with 
more than adequate rotationmore than adequate rotation

••These tests formed the basis for the prequalified welded flangeThese tests formed the basis for the prequalified welded flange--bolted web fully bolted web fully 
restrained moment connection and further defined the design requirementsrestrained moment connection and further defined the design requirementsrestrained moment connection and further defined the design requirementsrestrained moment connection and further defined the design requirements

••Prequalified for all seismic demandsPrequalified for all seismic demands
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SMF CONNECTION EVOLUTION
The prequalified welded flange‐bolted web moment resisting connection remained the 
standard despite changes within the steel industry standard design practice.  Notably 
the following changes took place [Stojadinovic et al, 2000]:

– The moment connections were reduced from every connection to very few due 
to the labor costs involved in producing the connections;

– The number of moment resisting frames present in buildings were reduced to a 
minimum of one in each orthogonal direction with the remaining only shear 
connections compared to the past which had all frames resisting lateral forces;

– The moment resisting frames were moved toward the outside of the structure;

– Greater loading, longer spans and fewer moment resisting frames required 
much larger columns and deeper beams than tested in the past;

– The yield and ultimate strength of steel increased;The yield and ultimate strength of steel increased;

– Bolting the shear tab to the beam web without supplemental welds became the 
norm due to economic considerations;

Th ldi h d f hi ld d t l ldi (SMAW) t– The welding process was changed from shielded metal arc welding (SMAW) to 
self‐shielded flux core metal arc welding (FCAW) during the 1970s.

These changes led to under designed connections that were not tested in their exact 
conditioncondition
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NORTHRIDGE FAILURES

BMA Engineering, Inc. – 6000 154

NORTHRIDGE FAILURES
•• The Northridge, California earthquake of January 1994 and later the The Northridge, California earthquake of January 1994 and later the 

Kobe, Japan earthquake of January 1995 caused brittle fractures in Kobe, Japan earthquake of January 1995 caused brittle fractures in 
many cases within the prequalified connections at very low levels of many cases within the prequalified connections at very low levels of many cases within the prequalified connections at very low levels of many cases within the prequalified connections at very low levels of 
plastic demand plastic demand 

•• Led to later investigation of structures subjected to previous Led to later investigation of structures subjected to previous 
earthquakes earthquakes 

•• The experimental results from the 1970s through the present were The experimental results from the 1970s through the present were 
evaluatedevaluated

•• There were also numerous factors observed in the field that There were also numerous factors observed in the field that 
contributed to the failure of these connectionscontributed to the failure of these connections

•• Inspection of the structures after the Northridge earthquake indicated Inspection of the structures after the Northridge earthquake indicated 
that brittle fractures initiated within the connections at very low levels that brittle fractures initiated within the connections at very low levels 
of plastic demand and in some cases while the structure remained of plastic demand and in some cases while the structure remained 
elastic elastic 

•• Commonly initiated at the complete joint penetration (CJP) weldCommonly initiated at the complete joint penetration (CJP) weldCommonly initiated at the complete joint penetration (CJP) weldCommonly initiated at the complete joint penetration (CJP) weld
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SAC JOINT VENTURE
SStructural Engineers Association of California (SEAOC)tructural Engineers Association of California (SEAOC)
AApplied Technology Council (ATC)pplied Technology Council (ATC)
CCalifornia Universities for Research in Earthquake engineering (CUREe)alifornia Universities for Research in Earthquake engineering (CUREe)

Before NorthridgeBefore Northridge

Steel buildings considered to be “invulnerable”Steel buildings considered to be “invulnerable”

CCalifornia Universities for Research in Earthquake engineering (CUREe)alifornia Universities for Research in Earthquake engineering (CUREe)

■■ Steel buildings considered to be “invulnerable”Steel buildings considered to be “invulnerable”

■■ Best earthquake resisting systemBest earthquake resisting system

After NorthridgeAfter Northridge

“P“P lifi d” ti  ithdlifi d” ti  ithd■■ “Pre“Pre--qualified” connections withdrawnqualified” connections withdrawn

■■ Interim Guidelines, workshops/conferencesInterim Guidelines, workshops/conferences

■■ New connections to be validated by testingNew connections to be validated by testing

After 2000After 2000

■■ Improved prescriptive connections Improved prescriptive connections 

■■ FEMA 350: RecommendationsFEMA 350: Recommendations

■■ 2002 AISC Seismic Provisions2002 AISC Seismic Provisions
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SAC I: STUDY OF OLD/NORTHRIDGE FAILURES

Typical Fracture initiated at the CJP at Typical Fracture initiated at the CJP at 
the bottom flange [FEMA350]the bottom flange [FEMA350]
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SAC I: STUDY OF OLD/NORTHRIDGE FAILURES

••Greatest stresses at the column to beam interfaceGreatest stresses at the column to beam interfaceGreatest stresses at the column to beam interfaceGreatest stresses at the column to beam interface
••Bottom flange weld is a down hand weld performed by welder sitting on top of Bottom flange weld is a down hand weld performed by welder sitting on top of 

beambeam
••Difficult visual as well as ultrasonic inspectionDifficult visual as well as ultrasonic inspection••Difficult visual as well as ultrasonic inspection.Difficult visual as well as ultrasonic inspection.
••Excessively weak panel zones result in local kinking of the column flanges and Excessively weak panel zones result in local kinking of the column flanges and 

significant demand on the CJP weld between the beam and column flangessignificant demand on the CJP weld between the beam and column flanges
S  t i  t ti    t th  ld  h l  f  th  b  S  t i  t ti    t th  ld  h l  f  th  b  ••Severe strain concentrations can occur at the weld access holes for the beam Severe strain concentrations can occur at the weld access holes for the beam 
flangesflanges

••Change in the welding method produced welds with low toughness and welders Change in the welding method produced welds with low toughness and welders 
were able to deposit more weld in one pass, which led to large weld defectswere able to deposit more weld in one pass, which led to large weld defects

••Lateral force resisting systems evolved to utilize less moment frames than in Lateral force resisting systems evolved to utilize less moment frames than in 
the past requiring the use of deeper beams and heavier columnsthe past requiring the use of deeper beams and heavier columns

••Use of recycled scrap metal resulted in steel with much greater yield strength Use of recycled scrap metal resulted in steel with much greater yield strength 
than required which led to under designing the connectionsthan required which led to under designing the connections

BMA Engineering, Inc. – 6000 158

SAC PROJECT II: NEW PROVISIONS AFTER 
NORTHRIDGE

• Part II of the SAC project: develop 
guidelines for future steel momentguidelines for future steel moment 
connection detailing and design to 
improve their performance  
–Provide a controlled yield mechanism and 
failure mode for each recommended and 
prequalified connectionp q

–The connections shall allow the building to 
sustain large inelastic deformations without 
collapse or loss of life during major co apse o oss o e du g ajo
earthquakes

• SAC finding published by FEMA (350) and 
utilized by AISC to produce the Seismicutilized by AISC to produce the Seismic 
Provisions
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7 2 BOLTED JOINTS7.2 BOLTED JOINTS
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ZONE OF PLASTIC DEFORMATIONZONE OF PLASTIC DEFORMATION

Location of plastic hinge formation (SLocation of plastic hinge formation (S ))Location of plastic hinge formation (SLocation of plastic hinge formation (Shh))
•• SShh value Identified within each prequalified connectionsvalue Identified within each prequalified connections
•• Welded, bolted, screwed or shotWelded, bolted, screwed or shot--in attachments, exterior facades, in attachments, exterior facades, 

partitions, ductwork, piping or other construction openings shall not be partitions, ductwork, piping or other construction openings shall not be 
placed within the expected zone of plastic deformation due to the placed within the expected zone of plastic deformation due to the 
regions sensitivity to discontinuitiesregions sensitivity to discontinuities
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INTERSTORY DRIFT/DESIGNINTERSTORY DRIFT/DESIGN
Inelastic Behavior of Frames with Hinges in Beam 
Span [FEMA350]Span [FEMA350]

– Achieved through combination of elastic 
deformation and development of plastic 
hinges

– Shall be capable of sustaining a drift angle 
of at least 0 04 radiansof at least 0.04 radians

StrongStrong--ColumnColumn--WeakWeak--BeamBeam
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6.2 EXPECTED YIELD STRENGTH
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BEAM TO COLUMN PANEL ZONEBEAM‐TO‐COLUMN PANEL ZONE
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Internal forces on JPZ Internal forces on JPZ 

• Effects of JPZ shear distortion: Local buckling in the beam and column flanges due to

Internal forces on JPZ Internal forces on JPZ 
(axial, shearing, flexure)(axial, shearing, flexure)

Effects of JPZ shear distortion:  Local buckling in the beam and column flanges due to 
excessive distortion of the JPZ.  This can lead to fracture of the CJP groove welds due to the 
high strains and increased story drift leading to more damage, greater susceptibility to P‐Δ 
effects and large permanent offsets of building frames.

• Shear yielding of the JPZ shall initiate at the same time as flexural yielding of the beamShear yielding of the JPZ shall initiate at the same time as flexural yielding of the beam 
elements or proportioned so that all yielding occurs in the beam.
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WELDED UNREINFORCED FLANGE BOLTED WEB (WUFWELDED UNREINFORCED FLANGE BOLTED WEB (WUF--B) CONNECTIONB) CONNECTION

T F

Maximu
m Beam 

Si

Min. Span 
(l)to Depth 
(d b ) Ration 

(l/d )

Max. Beam 
Flange 

Thickness 
(t ) i M C l Si

Geometric Limits of FEMA 350 prequalified connection [FEMA 350]

Type Frame Size (l/d b ) (t bf ) in Max. Column Size
WUF-B OMF W36 7 1 W8,W10,W12,W14
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WELDED UNREINFORCED FLANGE WELDED WEB (WUFWELDED UNREINFORCED FLANGE WELDED WEB (WUF--W) CONNECTIONW) CONNECTION

Type Frame

Maximu
m Beam 

Size

Min. Span 
(l)to Depth 
(d b ) Ration 

(l/d b )

Max. Beam 
Flange 

Thickness 
(t bf ) in Max. Column Size

Geometric Limits of FEMA 350 prequalified connection [FEMA 350]

OMF W36 5 1.5 No Limit
SMF W36 7 1 W12, W14

WUF-W
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WELDED FREE FLANGE (FF) CONNECTIONWELDED FREE FLANGE (FF) CONNECTION

Type Frame

Maximu
m Beam 

Size

Min. Span 
(l)to Depth 
(d b ) Ration 

(l/d b )

Max. Beam 
Flange 

Thickness 
(t bf ) in Max. Column Size

Geometric Limits of FEMA 350 prequalified connection [FEMA 350]

OMF W36 5 1.25 No Limit
SMF W30 7 0.75 W12, W14

WFF
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REDUCED BEAM SECTION (RBS) CONNECTIONREDUCED BEAM SECTION (RBS) CONNECTION

Maximu
Min. Span 
(l)to Depth 

Max. Beam 
Flange 

Geometric Limits of FEMA 350 prequalified connection [FEMA 350]

Type Frame
m Beam 

Size
(d b ) Ration 

(l/d b )
Thickness 

(t bf ) in Max. Column Size
OMF W36 5 1.75 No Limit
SMF W36 7 1.75 W12, W14

RBS
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WELDED FLANGE PLATE (WFP) CONNECTIONWELDED FLANGE PLATE (WFP) CONNECTION

Maximu
m Beam

Min. Span 
(l)to Depth 
(d b ) Ration

Max. Beam 
Flange 

Thickness

Geometric Limits of FEMA 350 prequalified connection [FEMA 350]

Type Frame
m Beam 

Size
(d b ) Ration 

(l/d b )
Thickness 

(t bf ) in Max. Column Size
OMF W36 5 1.5 No Limit
SMF W36 7 1 W12, W14

WFP
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BOLTED UNSTIFFENED END PLATE (BUEP) CONNECTION BOLTED UNSTIFFENED END PLATE (BUEP) CONNECTION 

Type Frame

Maximu
m Beam 

Size

Min. Span 
(l)to Depth 
(d b ) Ration 

(l/d b )

Max. Beam 
Flange 

Thickness 
(t bf ) in Max. Column Size

Geometric Limits of FEMA 350 prequalified connection [FEMA 350]

OMF W30 5 0.75 No Limit
SMF W24 7 0.75 W8,W10,W12,W14

BUEP
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BOLTED STIFFENED END PLATE CONNECTION (BSEP) BOLTED STIFFENED END PLATE CONNECTION (BSEP) 

Type Frame

Maximu
m Beam 

Size

Min. Span 
(l)to Depth 
(d b ) Ration 

(l/d b )

Max. Beam 
Flange 

Thickness 
(t bf ) in Max Column Size

Geometric Limits of FEMA 350 prequalified connection [FEMA 350]

Type Frame Size (l/d b ) (t bf ) in Max. Column Size
OMF W36 5 1 No Limit
SMF W36 7 1 W12, W14

BSEP
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BOLTED FLANGE PLATE (BFP) CONNECTIONBOLTED FLANGE PLATE (BFP) CONNECTION

Type Frame

Maximu
m Beam 

Size

Min. Span 
(l)to Depth 
(d b ) Ration 

(l/d b )

Max. Beam 
Flange 

Thickness 
(t bf ) in Max Column Size

Geometric Limits of FEMA 350 prequalified connection [FEMA 350]

Type Frame Size (l/d b ) (t bf ) in Max. Column Size
OMF W36 5 1.25 No Limit
SMF W30 8 0.75 W12, W14

BFP
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DOUBLE SPLIT TEE (DST) CONNECTION DOUBLE SPLIT TEE (DST) CONNECTION 

Maximu
m Beam

Min. Span 
(l)to Depth 
(d b ) Ration

Max. Beam 
Flange 

Thickness

Geometric Limits of FEMA 350 prequalified connection [FEMA 350]

Type Frame
m Beam 

Size
(d b ) Ration 

(l/d b )
Thickness 

(t bf ) in Max. Column Size
OMF W36 5 --- No Limit
SMF W24 8 --- W12, W14

DST
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6300. Design ‐6300. Design 
6320. Structural Steel Connections, Joints and Details 

Objective and Scope Met

M d l 4 S i i C ti• Module 4: Seismic Connections
– Seismic Load Resisting Systems for Steel Buildings

• Moment Resisting Frames
• Concentrically Braced Frames
• Eccentrically Braced Frames• Eccentrically Braced Frames
• Buckling Restrained Braced Frames
• Special Plate Shear Wallsp

– Steel MRF Seismic Connection
• Past
• Present
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6000 STEEL6000. STEEL
6100 &

• 6130 ‐ Design Data, Principles and Tools
6100 & 
6200 • 6140 ‐ Codes and Standards

• 6200 ‐Material

6300
• 6310 ‐Members and Components
• 6320 ‐ Connections, Joints and Details 

d bl• 6330 ‐ Frames and Assembles 

6400
• 6410 ‐ AISC Specifications for Structural Joints
6420 AISC 303 C d f St d d P ti• 6420 ‐ AISC 303 Code of Standard Practice

• 6430 ‐ AWS D1.1 Structural Welding Code 
6500 • 6510 Nondestructive Testing Methods6500 • 6510 ‐ Nondestructive Testing Methods 

• 6520 ‐ AWS D1.1 Structural Welding Code Tests

6600 • 6610 ‐ Steel Construction
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6600 • 6610  Steel Construction
• 6620/6630 ‐ NUREG‐0800 / RG 1.94

6300. Design ‐6300. Design 
6330. Structural Steel Frames and Assembles

• Types of Steel Frames

• Stability Bracing (Section NC and Appendix N6)

• Elastic and Inelastic Behavior 

• Seismic Analysis
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Forces On Structures

• Forces from gravity, wind,
and seismic events are
imposed on all structuresimposed on all structures

• Forces that act vertically are
gravity loads

• Forces that act horizontally,
such as stability, wind and
seismic events (the focus ofseismic events (the focus of
this discussion) require
lateral load resisting systems
to be built into structures

• As lateral loads are applied
to a structure, horizontal
diaphragms (floors anddiaphragms (floors and
roofs) transfer the load to the
lateral load resisting system

177

(AISC 2002)
Structural Steel Frame Elevation
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Initial System Planning
1 3

Rigid Horiz. 
Diaphragm 

(Floor or Roof)

• The type of lateral load resisting system to be used in a
(Adapted from AISC 2002) 21

• The type of lateral load resisting system to be used in a
structure should be considered early in the planning stage

• Lateral stability as well as architectural needs must be met

178

• The three common lateral load resisting systems are:
1. Braced Frames 2. Rigid Frames 3. Shear WallsBMA Engineering, Inc. – 6000

Braced Frames and Rigid Frames

179

This presentation focuses on braced frames (left) and rigid frames (right)
BMA Engineering, Inc. – 6000

Types of Steel Frames and 
Assemblies

The three classes of construction based on 
the type of structural connections are as 
follows:follows:

– Type 1:  Rigid frame

– Type 2:  Simple (flexible) frame

– Type 3:  Semi‐rigid frame 
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Type 1: Rigid Frame ConstructionType 1: Rigid Frame Construction
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Type 2: Simple (Flexible) FrameType 2: Simple (Flexible) Frame
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Type 3: Semi Rigid FrameType 3: Semi‐Rigid Frame

S i i id ti h tSemi‐rigid connections have some moment 

carrying  capacity, but it is insufficient to y g p y,
develop full continuity
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Braced and Unbraced FramesBraced and Unbraced Frames

– The effective length of column members (KL) 
for a braced frame is equal to or less than the 
actual lengthg

– The effective length of column members for an 
unbraced frame is always greater than theunbraced frame is always greater than the 
actual length
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Braced FrameBraced Frame

A braced frame is defined as a frame in which 
sidesway buckling is prevented by bracing 
elements of the structure other than the e e e ts o t e st uctu e ot e t a t e
structural frame itself
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Rigid Frames

• Rigid frames, utilizing moment connections, are well suited for specific types
of buildings where diagonal bracing is not feasible or does not fit the

hit t l d i

186

architectural design

• Rigid frames generally cost more than braced frames (AISC 2002)
BMA Engineering, Inc. – 6000

Braced Frames

• Diagonal bracing creates stable triangular configurations within the steel
building frame (AISC 2002)building frame (AISC 2002)

• “Braced frames are often the most economical method of resisting wind loads
in multi-story buildings (AISC 1991).”

187

• Some structures, like the one pictured above, are designed with a combination
braced and rigid frame to take advantage of the benefits of both
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Temporary Bracing

• Structural steel frames require
temporary bracing during
constructionconstruction

• Temporary bracing is placed
before plumbing up the
structural framestructural frame

• This gives the structure
temporary lateral stability

188

• Temporary bracing is removed
by the erector
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Temporary Bracing

• In a braced frame, temporary bracing is removed after final bolt-up is complete
d th t b i t i i l

189

and the permanent bracing system is in place

• In a rigid frame, temporary bracing is removed after final bolt-up is complete
BMA Engineering, Inc. – 6000

Concentric Braced Frames

• Bracing is concentric when the center lines of the bracing members intersect

• Common concentric braced frames used in buildings today include: X brace (above left)  Chevron (above right)

 Two story X’s

• X bracing is possibly the most common type of bracing

 Single diagonals

190

• Bracing can allow a building to have access through the brace line depending
on configuration (AISC 2002)
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X Bracing
X BracingX Bracing

Roof

Floor

Floor

1st Floor

X-braced building elevationTypical floor plan with X bracing

• The diagonal members of X bracing go into tension and compression similar to
a truss

• The multi-floor building frame elevation shown above has just one braced bay,The multi floor building frame elevation shown above has just one braced bay,
but it may be necessary to brace many bays along a column line

• With this in mind it is important to determine the locations of the braced bays in
a structure early in a project

191

a structure early in a project

(AISC 2002)
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X Bracing

• Connections for X bracing are located at beam to column joints

• Bracing connections may require relatively large gusset plates at the beam toBracing connections may require relatively large gusset plates at the beam to
column joint

• The restriction of space in these areas may have an impact on the mechanical
and plumbing systems as well as some architectural features

192

and plumbing systems as well as some architectural features

(AISC 2002)
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Chevron Bracing
Chevron Bracing Roof

Floor

Floor

1st Floor

Typical floor plan with Chevron bracing Elevation with several bracing 
configurations

Chevron “V” “K”

• The members used in Chevron bracing are designed for both tension and
compression forces

• Chevron bracing allows for doorways or corridors through the bracing lines in a
structure

• A multi floor frame elevation using Chevron bracing is shown above

193

• A multi-floor frame elevation using Chevron bracing is shown above

(AISC 2002)
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Chevron Bracing

• Chevron bracing members use two types of connections

• The floor level connection may use a gusset plate much like the connection on
X braced framesX braced frames

• The bracing members are connected to the beam/girder at the top and
converge to a common point

194

• If gusset plates are used, it is important to consider their size when laying-out
mechanical and plumbing systems that pass through braced bays (AISC 2002)
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Eccentrically Braced Frames

Link
Stiffeners

Gusset

Beam or Girder

Eccentric 
Brace Eccentric brace with typical

• Eccentric bracing is commonly used in seismic regions and allows for doorways

Eccentric brace with typical 
brace to beam connection (Adapted from AISC 2002)

and corridors in the braced bays

• The difference between Chevron bracing and eccentric bracing is the space
between the bracing members at the top gusset connectionbetween the bracing members at the top gusset connection

 In an eccentrically braced frame bracing members connect to separate
points on the beam/girder

195

• The beam/girder segment or “link” between the bracing members absorbs
energy from seismic activity through plastic deformation (AISC 2002)
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Eccentrically Braced Frames

• Eccentrically braced frames look similar to frames with Chevron bracing

196

• A similar V shaped bracing configuration is used

(AISC 2002)
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Eccentrically Braced Frames

(EERC 1997)

197
Eccentric single diagonals may also be used to brace a frame

( )
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Combination Frames

Chevron 
b d

Moment 
i ti Bracing

Moment frame

• As shown above (left) a braced frame deflects like a cantilever beam while a

braced resisting
Combination Frame

Bracing

moment resisting frame deflects more or less consistently from top to bottom

• By combining the two systems, reduced deflections can be realized

198

• The combination frame is shown above right

(AISC 1991)
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Combination Frames

O = Combined Frames
X = Chevron or “K” Bracing
 = Moment Resisting = Moment Resisting

• The plot shows the moment resisting frame alone, the braced frame alone, and
the combined frame

(AISC 1991)

199

the combined frame

• The same wind load was used for each frame model (AISC 1991)
BMA Engineering, Inc. – 6000

Unbraced (Rigid‐Jointed) Frame
Resists loads mainly by flexure
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Lateral Load AnalysisLateral Load Analysis

• Lateral loads

– Seismic– Seismic

– Wind

• Frame Analysis

– Portal method

– FEA package– FEA package 
(e.g.,SAP 2000)
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RIGID FRAMERIGID FRAME
• Derives its lateral stiffness mainly from the bending rigidity 

f f b i t t d b i id j i tof frame members interconnected by rigid joints.
• The joints shall have adequate strength and stiffness and 
negligible deformationsnegligible deformations.

• A rigid unbraced frame should be capable of resisting 
lateral loads without relying on any additional bracinglateral loads without relying on any additional bracing 
system for stability.

• The frame has to resist gravity as well as lateral forces.
• It should have adequate lateral stiffness against sidesway 
when it is subjected to horizontal wind or earthquake 
fforces.
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Simple Braced Frame p
(Would collapse without braced bay, very easy analysis, simple 

connections)
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Simple Frame (Pin Connected)/1Simple Frame (Pin‐Connected)/1 

• Beams and columns are pin connected and the system is• Beams and columns are pin‐connected and the system is 
incapable of resisting any lateral loads, unless it is attached 
to a bracing systemto a bracing system.

• Lateral loads are resisted by the bracing systems while the 
it l d i t d b b th th i l f d thgravity loads are resisted by both the simple frame and the 

bracing system.

• Bracing system can consist of triangulated frames, shear 
wall/cores or rigid jointed frames.

• Pin‐jointed connections are easier to fabricate and erect.  
For steel structures, it is more convenient to join the webs 
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of the members without connecting the flanges.
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Simple Frame (Pin‐Connected)/2

• Bolted connections are preferred over welded

Simple Frame (Pin‐Connected)/2 

Bolted connections are preferred over welded 
connections which normally require weld inspection, 
weather protection and surface preparationweather protection and surface preparation.

• It is easier to design and analyze a building structure that 
can be separated into a system resisting vertical loads andcan be separated into a system resisting vertical loads and 
a system resisting horizontal loads.

I i i d h h i l d if b• It is more convenient to reduce the horizontal drift by 
means of bracing systems added to the simple framing 
h b d f i h i idthan to use unbraced frame systems with rigid 
connections.
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Stabilizing ElementsStabilizing Elements
To stabilize the framework in either one or 

ltwo planes:

• Triangulated steel bracing panels
V ti l Vi d l til i t l• Vertical Vierendeel cantilevers in steel

• Triangulated steel coreg
• Reinforced concrete or masonry cores or 
shear tubesshear tubes

• Brick in‐fill panels
i h l l ddi
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• Light metal cladding
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STABILIZING ELEMENTS IN STEEL
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STABILIZING ELEMENTS IN CONCRETE
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FLOOR DECK BRACING SYSTEMS
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ACTION OF LATERAL FORCE RESISTING SYSTEMS
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ACTION OF LATERAL FORCE RESISTING SYSTEMSACTION OF LATERAL FORCE RESISTING SYSTEMS
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TALL BUILDING FRAMING SYSTEMSTALL BUILDING FRAMING SYSTEMS

• Core braced

• Moment truss• Moment truss

• Outrigger and beltgg

• Tube
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CORE BRACED SYSTEM 
i t l h ll i t ll l t l f St linternal shear walls resists all lateral forces; Steel 

resists gravity loads
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MOMENT‐TRUSS SYSTEM
vertical shear truss and moment resisting frames; Truss g

minimizing sway in lower levels, rigid frame in upper levels.
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DEFORMATIONS OFDEFORMATIONS OF 
MOMENT‐TRUSS SYSTEM
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FRAMED TUBE SYSTEM ‐ Hollow perforated tube

•Wide columns at close centers connected by deep beams.
T b i t ll l t l f f i d d th k
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•Tube resists all lateral forces of wind and earthquake.
•Interior its share of gravity loads.
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STAGGERED TRUSS
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VIERENDEEL TURSS

A Vierendeel truss has rigid weldedA Vierendeel truss has rigid, welded 
connections so does not require the 
diagonals usually seen in trusses. If used, 
the reason might have been to providethe reason might have been to provide 
more space for ducts or openings within 
the truss by eliminating the diagonals. 
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Conventional Building Code PhilosophyConventional Building Code Philosophy 
for Earthquake‐Resistant Design

Objective: Prevent collapse in the extreme
earthquake likely to occur at a 
building site.

Objectives are not to:

‐ limit damage
‐ maintain function
‐ provide for easy repair
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To Survive Strong Earthquake without Collapse:To Survive Strong Earthquake without Collapse:

Design for Ductile Behavior
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Design for Ductile Behavior

H

H Ductility = Inelastic Deformation
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Design for Ductile Behavior

HH

Δ ΔΔyield Δfailure

Ductility Factor   μ =
Δfailure

Δyieldyield
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H Design for Ductile Behavior

H
Helastic

3/4 *Helastic

Strength1/2 *Helastic

Req’d Ductility

1/4 *Helastic1/4 Helastic
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Design for Ductile Behavior

Ductility in Steel Structures: Yielding

es g o uct e e a o

Ductility in Steel Structures:  Yielding

Nonductile Failure Modes:   Fracture or Instability

H Ductility = YieldingH Ductility    Yielding

Failure  =
Fracture

or
Instability
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Developing Ductile Behavior:Developing Ductile Behavior:

• Ch f l t ("f ") th t ill i ld i• Choose frame elements ("fuses") that will yield in 
an earthquake.

• D t il "f " t t i l i l ti d f ti• Detail "fuses" to sustain large inelastic deformations 
prior to the onset of fracture or instability  (i.e. , 
detail f ses for d ctilit )detail fuses for ductility).

• Design all other frame elements to be stronger than 
the fuses i e design all other frame elements tothe fuses, i.e., design all other frame elements to 
develop the plastic capacity of the fuses.
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K El t f S i i R i t t D iKey Elements of Seismic‐Resistant Design

Required Lateral Strength

ASCE‐7:
Minimum Design Loads for Buildings and Other 
Structures

Detailing for Ductility

AISC:
Seismic Provisions for Structural Steel Buildings
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Design EQ Loads – Total Lateral Force per ASCE 7‐05:

V C WsV C W

V = total design lateral 
force or shear at 
base of structure

W = effective seismic 
weight of building

CS = seismic response 
coefficient

VV
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Design EQ Loads – Total Lateral Force per ASCE 7‐05:

WCV S







RT

S 1D for T  TL









R

SC DS
S





 I

TS L1D



 I









I
RT

TS
2

L1D for T  > TL

SDS = design spectral 
acceleration at 

I = importance factor

T  f d l i d f b ildi



short periods

SD1 = design spectral 

T = fundamental period of building

TL = long period transition period
acceleration at 
1-second period R = response modification coefficient
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Design EQ Loads – Total Lateral Force per ASCE 7‐05:
R factors for Selected Steel Systems (ASCE 7):

SMF (Special Moment Resisting Frames): R = 8

IMF (Intermediate Moment Resisting Frames): R = 4.5

OMF (Ordinary Moment Resisting Frames): R = 3.5OMF (Ordinary Moment Resisting Frames): R  3.5

EBF (Eccentrically Braced Frames): R = 8 or 7

SCBF (S i l C t i ll B d F ) R 6SCBF (Special Concentrically Braced Frames): R = 6

OCBF (Ordinary Concentrically Braced Frames): R = 3.25

BRBF (Buckling Restrained Braced Frame): R = 8 or 7

SPSW (Special Plate Shear Walls): R = 7

Undetailed Steel Systems in
Seismic Design Categories A, B or C R = 3Seismic Design Categories A, B or C R  3
(AISC Seismic Provisions not needed)
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6300. Design ‐6300. Design 
6330. Structural Steel Frames and Assembles

Objective and Scope Met

f l• Types of Steel Frames

• Stability Bracing (Section NC and Appendix Stab ty ac g (Sect o C a d ppe d
N6)

El ti d I l ti B h i• Elastic and Inelastic Behavior 

• Seismic Analysisy
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