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VII. Fasteners/Welding
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i Introduction

Following subjects are covered:

Introduction of Fasteners

Failure modes of bolted shear connections
LRFD - Fasteners

LRFD of slip-critical connections
High-strength bolts in tension

Fasteners in combined shear and tension
Basics of welding

Fillet weld

LRFD of welded connections

Reading:

= Chapter 7 of Sequi

= AISC Steel Manual Specifications, Chapter J

= Beams and columns rarely fail

= Many catastrophic failure
resulted from inadequate
connection strength

What can go wrong?
= Hyatt Regency

= Kansas City, 1981

= 114 Dead

= 200+ Injured
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Problem and Solution

Problem -

= Lack of Understanding

= AISC Addresses “Typical” Details Only

= Failure Modes may be neglected
Solution -

= Develop Consistent Methodology

= Systematically Identify All Failure Modes
= lllustrate Applicable Failure Planes

Introduction of Fasteners

Proof load,” Proof load,”
length yield Miiifrium
Bait edsuremant” strength* tensile
diameter method, method, strength,
ASTM in. ksi ksi ksi
= Types Of designation (mm) (MPa) (MPa) (MPa)
Fasteners: A307 (2.4] low-carbon steel
. Grades A and B tod — 6l
rivets (obsolete) _ (63510 104
A325 [2.5], high-strength steel
1 Types 1,2, and 3 il 85 a2 120
and bOItS (hlgh' i 2 i|‘:,.? 10 25.4) (585) (635) (825)
Types 1, 2, and 3 11w 1l 74 81 105
Strength bolts: (266 10 38.1) (510 (560) (725
twl 85 492 120
most common) (63510254 (585) (635) (825)
lito 1 74 81 105
. (28.6 10 38.1) (510) (560) (725)
Properties of 2103 55 53
(635 1o T2 (3800 {400y (6200
b0|tS fo1i 120 130 150
(12,7 10 38.1) (825) (805} (1035)

joad obtained by multiplying given stress value by the tensile stress area A,
where A, = rea in square inches, d, = nominal diameter of bolt in

i Introduction of Fasteners

= Two conditions of bolt installation are used with high-
strength bolts
= Snug-tight (producing a bearing connection)
= Few impacts of an impact wrench
= Full effort of a worker with an ordinary spud wrench
= 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 achieved

« 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

Introduction of Fasteners

= When high-strength bolts are to be tensioned, minimum limits are set
on the bolt tension. See AISC Table J3.1

= Tension equal to 70% of the minimum tensile strength of the bolt

= Purpose of tensioning is to achieve the clamping force between
connected parts.

e ————

o TABLE J3.1 . .
Minimum Boli Pretension, kips®
Bolt Size, in. A325 Baa A280Bolts |
ok 12 "
" 19 24
% = _ "
% b | p
1 &1 ] Py
% 54 | &0
iy ™ | 102
| % &5 i 12
! L] bl { 148
i "Equat to .70 of rinerum foniis diepgih o bells, munded ﬂﬂmrlaﬁmkp._l;m:i n
| ASTM specificatont for 375 and A450 BI1S wiIh LING freags.

— 8




i LRED - Fasteners

= OR >3y,Q general
= where ¢ = resistance factor (strength reduction factor)
. R, = nominal resistance (strength)
. 7. = overload factors (LRFD-A4.1)
. Qi = loads (such as dead load, live load, wind load,

earthquake load) of load effects (such as bending moment,
shear, axial force, and torsional moment resulting from the
various loads)

. OR, > F, fasteners

= where ® = resistance factor, 0.75 for fracture in tension,
shear on high-strength bolts, and bearing of bolt against side
of hole

. R, = nominal strength of one fastener
. P, = factored load on one fastener

Failure Mode of Bolted Shear

i Connections

Two types of bolted
connector failure are
considered in this

section T =
T =
isy

= Failure of the

ﬁﬁ_ E%q

{n) Shear failure of boh (b} Shear failure of plate

CO n n eCtO r (e} Bearing failure of bolt (d) Bearing faibure of plate
= Failure of the =
7 = =
connected parts 7 — _
o — :
fe) - Tenkle fhllnze (1) Bending failure of balts {8) “Tensile failure of plaie

of bolts
iU

Failure Mode of Bolted Shear
Connections (cont.)

Connector failure

= Single shear connection — Single shear plane. P =f A,
where f, is the average shearing stress and A is the
connector’s cross-sectional area.

= Double shear connection — Double shear plane. P = 2f A

P o— —
—— s r— = e
i1 —

P 1"— e P — F

TP PR—T_ .,

P— P2 .

P—'-eé:_'_ # pr2—=
Pip s i P12

ia) Single Shear (b} Double Shear 11

Failure Mode of Bolted Shear
Connections (cont.)

Failure of the connected parts , separated into two
categories.

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

=  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 consider
block shear

= Gusset plates and framing angles must be checked for P, M,
and V

12




Failure Mode of Bolted Shear
Connections (cont.)

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

= Ifthe hole is slightly larger than the fastener and the fastener
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
spacing

f d
i b
P"_%-—hr 'Effr_:'_'_%j'

m
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LRFD — Fasteners (cont)

Design bearing strenagth

1

Usual conditions based on the deformation limit state, according
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 least
3d, and there are two or more bolts in the line of force.

DR, = D(L2LtF,) < D(2.4dtF,)
= Wwhere =0.75

. d = nominal diameter of bolt at unthreaded area

. t = thickness of part against which bolt bears

. F, = tensile strength of connected part against which bolt bears

. L. = distance along line of force from the edge of the connected part

to the center of a standard hole or the center of a short- and long-slotted

hole perpendicular to the line of force. u

i LRFD — Fasteners (cont)

Design shear strength — no threads in shear planes
= ®R, =0.75(0.50F,)mA,

= where ¢ =0.75, the standard value for shear

. F? = tensile strength of the bolt material (120 ksi for A325 bolts;
150 ksi for A490 bolts)
. m  =the number of shear planes participating [usually one
(single shear) or two (double shear) ]
. A, =gross cross-sectional area across the unthreaded shank of the bolt

Design shear strength — threads in shear planes
= ®R, =0.75(0.40F")mA,

Sequi Examples 7.1 & 7.2

15

TABLE J3.2

Design Strength of Fasteners
Shesr Strength In
_“‘“Bﬂm" Baaring-typs Connections
i ol I Mominal
Rasistance| Steength, nnlm-uq ‘Sarangth,
Description of Fasteiars Factors | ki (MPs) | Factore | ksl (MPa)
—_— A307 bats — 45 (310) ja] IS
K325 41 AJ25M D08, whin I
sl fie nod gethuded fom
shes plars 90 48220 (] 48 30 ]
asteners ey
threacks are escluded from shear
plares 30 ja20) i) B (4145 jo]
cont s ki
sty are rect @xeluded from
hadi planes 113 {7800 [4] B [414) (0]
AAT0 ar ASGOM hoks, whan
Hrgiscks: An aeciuded 1rom shaar o o.7s
13789 1) 7520 |
Thraaded pars maalig e m-
ETTANIS o SaChon AS, wivn
renads. B 0T ExCUOed from
Ref: AISC LRFD Wear s sl Lol
Thraaded parts mesting e m-
p. 16.1-61 cuinarmants of Section A3, when
threacds. are exchuged Irom shanr
TEF, [,] O50F, fag)
A50Z, Gr. 1, hol-grvan Rials 45 {310) [a] 35 (172) Ja]
AS0Z, 0. 2 & 3, bot-driven Rtz 0414 4] 3 (228 fe]

ammm

Theeaids permitied (= shear planas.

o] T manal ermadin STBrGER. oF 4 HsBatked porion of 6 ssl 1o, B syon M SrEa-sebong
i 8 it e thraad harmeter, Ap shall Be larger Bas e rosinal bty sres of e red bakors
el S F,

6] P A o0 ASETM A AS0 O A0V DO S5 10 TSt argut AT, 560 ADCONT 1.

81 Whan BAANNG-NDS GONRECTRONS. w10 SOA0E 18 FOMDS v @ BT SaTa whoes

tengih. maasured pasaliol o e bre of koo, moeeds Sit e, (1 270 mmi, i e o atal be

rachand by DO Darenl
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i LRFD — Fasteners (cont)

= Minimum edge distance requirement (AISC J3.4)

TABLE J3.4

— : Minimum Edge Distance," in., From
o | | Center of Standard Hole" to Edge of Connected Part
I ity
< I:;TQMINJ A Bheared Edges sﬁ“a“&‘:;umm
o | n. | fal
_’| L s, . | T +
] i ¥
e A ¥
() (L] % 1% 1
1 1l L
1% | 2 | 1%
% | i | %
T 11 | 1% = DTt | 1%, = Dameter
Ref: AISC LRFD T
i T e T R —
P. 16.1-63 C] Allvqudmmndﬁm‘;mammbummwwumsuapuﬂ
N'lemwntmﬁ-maﬂﬂmm-mnm sihangih i o alament
] "_h-e-senwrhmnm-r?r.mu-mw SEAT) COMMECIO Mgk o Pwaar s pinia
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LRFD — Fasteners (cont)

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

Maximum spacing of connectors

(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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i LRFD 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 so that the surfaces of the connected parts are in
firm contact.
= Slippage is acceptable
= Shear and bearing on the connector
= Slip-critical connections - no slippage is permitted and the
friction force described earlier must not be exceeded.

= Slippage is not acceptable (Proper installation and tensioning is
key)

= Must have sufficient shear an d bearing strength in the event of
overload that causes slip. AISC J3.8 for details.

19

Overview of Theory for Design

P =
Plate A ——/

Plate A
( Free Body )

—~«———— Threaded Portion

T

e P

A o
T = Tensile Force AT ‘L Plate B
uT Frictional Resistance ' ( Free Body )
u Coefficient of Friction |
P Load

Where :

20




iLRFD Slip-critical Connections(cont)

DR, =D1.13uT,m (4.9.1)
= Where Rst,: nominal slip resistance per bolt at factored loads
. m = number of slip (shear) planes
. T, = minimum fastener initial tension given in AISC Table J3.1
. = mean slip coefficient, as applicable, or as established by tests
= H = 0.35 for Class A surface condition
. = 0.50 for Class B surface condition
. = 0.40 for Class C surface condition
. = 1.0 for standard holes
. ) = 0.85 for oversize and short-slotted holes
. = 0.70 for long-slotted holes transverse to load
. = 0.60 for long-slotted holes parallel to load
Sequi Example 7.4 21

LRFD — Fasteners (cont)

Design tensile strength
= ®R, =0.75(0.75F")A,

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

. F, = tensile strength of the bolt material (120 ksi for
A325 bolts; 150 si for A490 bolts)
. A, = gross cross-sectional area across the unthreaded

shank of the bolt
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i High-Strength Bolts in Tension

$ e J

(a)

To+AT =F
T

AT = AbEb6 AbEb&, +

T =0.1T N *_Hj_T_LHj i
Lo Lo ( 0 0 g Snlolniibaimiatataian T b6y = b1/
Py

A
1En F

(b) (©

Figures 7-24 & 7-25
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Prying P
ACtIOﬂ N M\W yﬂw No
T

Before external load After external load

Q B, B, Q

*Bolt tension By> B
*Prying force Q

*The corresponding bolt
force, including the
effects of prying, is B,

Maximum prying force

Figure 7.27 24
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>
o — |
Uweo
»:*-»I L—
{
d] S
{«

J,L_E_Mi,
Tb-M,, =Qa ZTi
a ()
My, =Qa ?
- Zo o b ©
l
B.=T+Q MC ﬁ: (j -
a-a M,
b a a
b
®) ©
Figure 7.28 2

Prying Action

: ptiF,
M ,_, = design-strength = g,M, = ¢,

4
eotee > aTigi]
+ o
M
g = Vb-b
5Ma—a
521_d_: net - area - at - bolt - line

p  gross-area-at-stem- face
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i Prying Action

pt?F, Tb' = 4Tb'
4 | (1+6a) > ¢, PF, 1+ 6c)
. 4.44Tb' .
— 3 Required-t; = [———— LRFD Solution
q f \/ pF, (L+ 5ar)
For Evaluation: For back checking:

o LBg)afg)
ou-18 -1k

Sequi Example 7.8

1| 4.44Tb'
o=— 5 -1
S| ptiky
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Combined Shear and Tension

Bearing-type connections Slip-critical connections

¢F,

1 130
Fastaner {ksi) (MPa) E \\\
T ™
A307 bolts (39 = L9f,) = ¢(45) G407 = 1.9£,) = ¢(310) N \ G
A325-N holts ST = 1.97,) = 4(80)  BEOT = 1L.9£) = H(621) L RN e, 100
(threads not excluded) i = \Qj .§\‘<O )
A325.X holis ST = 1570 = (000 B80T — L5f,) = (6]} 5_ “\?{, \f);), |
(threads exclnded) :;: r_,_:;'\\' 7 -/,\\
£ %
A490-N bolts G147 = 197, = 4{113) 41010 = L9f,) = $(779) 4 » ‘~’\_ \
(threads nor excluded) = \\\ N 1P
A490-X balts G47 = L5f) = $(113) #1010 = 1.5£,) = HT79) “'\\\\t‘ﬁ-
(threads excluded) 3 NN
- g D
*Note that ¢ = 0.75 T \\\x
ENominal siress due fo faciored lnad acting on gross boli cross-sectional area, fiy = K, /4, ) Sa )
ox 04 (1) 0. o
. T
Sequi Example 7.9
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i Basic 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) and weld
or filler metal will act as one continuous part. The filler
metal is deposited from a special electrode. A number of
welding processes are used, depending on the application
= Field welds
= Shop welds

29

i Basic of welding (cont)

Basic process:

1.

Shielded Metal Arc Welding (SMAW):

= Normally done manually and is widely used for field
welding

= Current arcs across the gap between the electrode
and the base metal

= Connected parts are heated and part of the filler
metal is deposited into the molten base metal

= Coating on the electrode vaporizes and forms a
protective gaseous shield, preventing the molten
metal from oxidizing before it solidifies

= The electrode is moved across the joint and a weld
bead is deposited. Size of the weld bead depends on
the rate of travel

= As the weld cools, impurities rise to the surface and
form a coating called slag. Slag must be removed
before the next pass or the weld is painted.

Diirection of uavel
—
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Basic of welding (cont)

Basic process (cont. used for shop welding):
2. Submerged Arc Welding (SAW)

3. Gas Metal Arc Welding (GMAW)

= End of the electrode and the arc are submerged in a
granular flux that melts and forms a gaseous shield.

a.  Flux Cored Arc Welding (FCAW)
s.  Electro Gas Welding (FGW)
6. Electroslag Welding (ESW)
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Table §-3 (cont.).

Prequalified Welded Joints
. Basic Weid Symbols.
asiC O B T
o Flare
Back | Fillet | Siot [Squas | V| Bewl | U J In-n- Bavel
- .'
| N = NN
welding Hras
T - Centour For ober hass: and
t n.cun.\l Spacwr | Around |Fiold Weld| Fush | Corwex |weks b, ee |
con — T~
a
_ Neas side (arrow sideh Goveve ang o mksied
WlTh - nght of ecumisrsink
of e wadds.
Langth of wekd in aches
W, 8 ’
LU Citber side [ A
// S
W 8 /_
W E Beoth sides
?. 8
Weld ol apvund umm:'s‘&'m“.:“‘
Tl i & g 1 e cned
717—(‘ et
EM = e 3
\ L6 Tre pempncuter g of B, 1, B 17, skt symbots must b ot et
Refsreie
o Fleld weld sl g aymbolor
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i Basic of welding (cont)

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
for detalils.

s The maximum size of a fillet weld is as follows:

= Along the edge of a connected part less than ¥-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 in. R
TABLE J2.4
| Minimum Size of Fillet Welds a
T Meterisi Thchnassal | MimamSmsat
| Thicker Part Jained. i (mm) | Filtes Walclln] in, |mm}
T o B inchusive i

v Y83 B0 " 13 e l8)
Erver 'y (13) 10 %4 (19) e
Crver 3, (15)

L T T
E] Ser Secion J2.7h For mawimum sire ol i} ek |
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i Basic of welding (cont)

= 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 such connections.

= When 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

34

i Basic of welding (cont)

Common types of welds are

= Fillet welds - Welds placed in a corner formed by two parts in contact

= Groove welds - Welds deposited in a gap between two parts

= Plug welds - Circular or slotted hole that is filled with weld metal.
Used sometimes when more we Id length is needed than is available

- T L E Te[

Coenes L :
— =

) Prrtis] Persetrution Groove Welds
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i Fillet 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

= Standard weld sizes are expressed in sixteenths of an inch.

s Failure of fillet welds is assumed to occur in shear on the
throat.

Raiaeleotyhig

=l |
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i Fillet Weld (cont)

= The strength of a fillet J%E:_v, 3 1 _g }
weld depends on the L= : .

strength of the filler or

electrode metal used. The [ ] L
strength of an electrode is ke l l_LJ
given in terms of its

i) Tee connection ) Berackens .::‘, bearing

tensile strength in ksi.
Strengths of 60, 70, 80,
90, 100, 110, and 120 ksi
are available.

T o0

(g} Coksmn base plates k) Pipe convection

IT T

1) Bailt-up sections 37

i Fillet Weld (cont)

= The standard notation for an electrode is E**XX where
** indicate the tensile strength in ksi and XX denotes the

type of coating used.

= Usually XX is the focus of design
= E70XX is an electrode with a tensile strength of 70 ksi
= Electrodes should be chosen to match the base metal.

= Use E70XX electrodes for use with steels that have a yield stress

less than 60 ksi

= Use E80XX electrodes that have a yield stress of 60 ksi or 65 ksi
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i Fillet Weld (cont)

The critical shearing stress on a weld of length L is given by
f=FP/0.707WL)

= If the ultimate shearing stress in the weld is termed £, the nominal
design strength of the weld can be written as
oR, = 0.707wL(pF, )= 0.707WL(0.75/0.6F ¢, ])=0.32WLFry

= For E70XX and E80XX electrodes, the design stresses are ¢F,, or
31.5 ksi and 36 ksi, respectively.

= |In addition, the factored load shear on the base metal shall not
produce a stress in excess of ¢Fg,, where Fgy, is the nominal shear
strength of the connected material. The factored load on the
connection is thus subjected to the limit of

PR, = PFanAy = 0.90(0.6F,)A, = 0.54F A,
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LRFD of
Welded

Connections

Sequi Examples 7.11 & 7.15

TABLE J2.5 l
Design Strength of Welds .
Haminal
Types of Weid and Resistance | Strength Filler Matal
Stress [a] Materisl | Factore | Fesor F. Raguiremenits [b, ]
[ Complete-Jokni-Panstration Groove Weld
Tension farmal (™ ] F, | Matching tler matal shall e
otoctive area used, For CVN «
— see lootnote |d].
Comgemssion normal Bass | 090 F, Filler matal wih a sirangin
0 efectivs ansa Io»el.lqml‘mam:nn
Tanson manching e metal i per
or campros
‘sian parabel 1o anis e 126 uaed.
of weld
Sheas on etectie | Base 050 0.60F,
rea | Wik 060 0B
Partial-Joint-Pemetration Groove Weid
I m‘-F]_Em T ase F, | Fiter el wit a stangth
mal i effectve ana | | vl equat I or less than
matching Ifiar matal s perit-
Te OF COMpea-
scn parali 1o i of lod 1o b4 used.
L] 4
Shist paralsl o Baso m |
s of weld ek 075 | 080Fo |
Tansion normal 1o Base aso F,
attoctve area ikt 080 | 080F
Fillet Welds
Shaar on aftective Easa L] m Fillar matal with & strangth
arga wiakd 075|050 ool vl equaiooriesa an
Tersion o Tasn am A Lans
o paralis 1o s 1od 12 ba used
of wekd [e]
Plug or Sict Wekls
‘Shaar paratel 1o Basa ] ] | Filier metal with & strengin
Taying sertaces [on Wi 075 | 0.B0Fge | Wl equal to cr ises than
alfacive sres] maltting Sher metl s permi-
nd 1o
T} For defnion of effocive orea,
I For matehing e metl, g ey i O
[ﬂFMT_......-u...- ca o g Hier motal wih
 classificar ¥-atch (EVN) Ioughness of 20 frbs. (27
J) @ +40°F 4 . ! od and

[ bt wskcs

wmhanmmnu

[ fgt For

mmmumm.mwmxmu
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