v« A
M3lylaseasravaniueinsn
2ONUUUSUHITIMHNUAY 1 Ia

Y < a\
MIYIasIas1IaraniunIstas

1l Q@1ﬂ1§!‘ﬁﬂ%}ﬂl!§\‘1

T A
U UAY %2

Sutat Leelataviwat, Ph.D.
King Mongkut’s University of
Technology Thonburi




Objectives

L

Y S T A
iz‘uuiﬂiﬂ’d’iNL‘ViaﬂﬁmLNuNuﬂu"l‘m

Y Y = eqe
HanNNIToONILLUALNT 1M 10821989 (Detailing)

L

ey

SD.

dd' d' 9 oY) 9 Y S
ma lu lagniNeuoanumMs 1% laseasiavian lu

(oY d' QU | a
ﬂTi‘]J'i‘]J‘]J’:;:Q@Wﬂiilv\l@iﬂlliﬂllﬂuﬂuqﬁﬁ



Basic Building Response to EQ

T A .
Seismic forces concentrate at floor and roof
Ousauruan 1 oor and oo

Seismic forces are

proportional to the mass —ml-

of the building and the

accelerations caused by ——-

the ground motion. et
(F= ma) i

Lateral Load Resisting Frame I___

Foundations

Frame (beams and columns)
Frequency is a

measure of how often
the ground mation
changes direction.

Selsmic forces follow a load path from the
diaphragms to shear walls and/or frames fo
the foundation

Amplitude 1s a measure of the magnitude of
ground motion.



Structural Steel System

0O Steel Structure

O Widely used in seismic zones

O Generally behave in a ductile manner (Preferable in Seismic
Zones)




Structural Steel System

O Concepts and Terminology

O Parts of structure not designed to carry
lateral forces are called “Gravity Load
Carrying Elements”

e [,

Gravity
Load
Carrying
Column

v 7 7




Structural Steel System

O Commonly Used Lateral Load Resisting
Structural Steel System

Moment
Resisting
Frame




Structural Steel System




Structural Steel System

O Braced Frames




Structural Steel System

O Braced Frames

T




Structural Steel System




Structural Steel System

O Braced Frame vs Moment Frame

L1y
D)




Structural Steel System

ONew Structural Systems : Open-Web Frames




Structural Steel System

Staggered Trusses

ONew Structural Systems
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Structural Steel System

ONew Structural Systems : Steel Plate Shear Walls

Mon-Gravity
Members

Steel Plate
Shear wall

Bolted Splice — |

Concrete-Filled —v
Tube Column




Seismic Design Process

O Typical Seismic Design Process
O Determination of Seismic Design Forces

O Structural Analysis

O Member Design / Seismic Design
Requirement Checks According to Seismic
Provisions

— > OReanalysis

O Detailing




O Determination of Seismic Design Force

O NHNITNII 2550

0O UBC (Uniform Building Code 1994 /
Uniform Building Code 1997)

O IBC (International Building Code)
0 ASCE7-05



O Determination Seismic Design Force

O Magnitude of design forces depends on severity
of earthquake and ductility of the structure

Base Shear

O max Displacement
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Allowable Stress Design

R,/FS>> Q

EX: UBC97
R/1.67 >= (D+L+E)




International Standard (asce7-05/IBC2006)

r
I
I
I
I
I

v
szuulaseasny

Response

Modification Factor

(R)
Building Frame | lassBasamdnuuumiaguduuufivay 6
System with (Special Steel Concentric Braced Frame)
Seismic Detailing
& & 1
Iﬂix‘]ﬁ(ﬂid maﬂLLlIUTJ&IgI%ETLL‘LI‘]J‘D'iﬁJﬂ’] 3/,
(Ordinary Steel Concentric Braced Frame)
o < & Ada a & A
Ima“uaw’uamanwuﬂ’numuyuﬂuwmw 8
(Special Steel Moment Resisting Frame)
o < & Ada P
Ima"uaLmamanﬂwmmmumﬂmﬂma 4.5
(Intermediate Steel Moment Resisting Frame)
lasstaudsinansIsuan 35

(Ordinary Steel Moment Resisting Frame)

Building Frame
System with No

Seismic Detailing

3.0

Acceleration (g)

V,=V./R

Spectral Response Acceleration

x(1/R)

Seismic Response Coefficient

Period, T (sec)



Design Method

Load-Resistance Factor

|¢Rn ZzyiQi |

Load Combinations: ASCE7-05
1.2D+0.5L+1.0E
0.9D+1.0E




Design Method

szuulasease Response Equivalent
Modification K
Factor
(R)
Building Imqﬁm?@mﬁmmm’mguﬂmuﬁmu 6 0.9
Frame System | (Special Steel Concentric Braced Frame)
with Seismic
Detailing Iﬂi\‘]ﬁ(ﬂ%mgﬂLL‘]J‘]Ji’JNﬂuETLL‘]J‘]JﬁSSQJW] 31/4 1.6
(Ordinary Steel Concentric Braced Frame)
Tassdaudamdnidanumiondufiey 8 0.67
(Special Steel Moment Resisting Frame)
Tansdaudamdniidanumaerthunae 45 1.2
(Intermediate Steel Moment Resisting
Frame)
35 1.5
lassTaudaunansysuen
(Ordinary Steel Moment Resisting Frame)
Building 3.0 1.8
Frame System
with No
Seismic

Detailing

8
1.5R

Note: 1.33
Increase for ASD

IS not allowed
(Per UBC1997)

K



Design Method

¢Rn > ZyiQi

Different load factor depending on
whether the EQ force is ASD or
LRFD based

1.0 x (UBC97/ASCE7-05)
1.40x ( ngnIgNIN)




Detailing Method

O Member Design & Seismic Requirements

AISC Provisions
Seismic Provisions for
Structural Steel Buildings are LRFD based
(www.aisc.org)

Supersedes the Sefsmic Provirions
Jor Straciural Steel Budldings
dated April 15, 1997

including Supplements No. 1 and 2
and all previous versions

Approved by the
AISC Committee on Specifications and
issued by the AISC Board of Dirctors

AMERICAN INSTITUTE OF STEEL CONSTRUCTION, INC.
One East Wacker Drive. Suite 3100
Chicago. Mlinois G0601-2000




Introduction to Seismic Design Concepts

Seismic Provisions Govern Design at:

Three Levels

e Material Level
e Member Level
e Structure Level

Three Aspects

e Strength
* Ductility
e Stability




MATERIAL REQUIREMENTS



Material Requirements

Conventional Design (Static Load)

. The Higher Strength the Better

For Seismic Design

. The Higher Strength = the Better



Material Requirements

High Strength -> Less Ductile

== — — — Tensile strength, F,

Heat-treated constructional
alloy steels; A514 quenched
and tempered alloy steel

High-strength, low-
alloy carbon steels;
Ab72

(b)

Carbon

steels; A36 (a)

| 1 | ] L

0.2% offset
100
Minimum vyield strength
F, =100 ksi
S 80
£
@
T
=
g
E 60
2
2
g
=
& 4 L
F, = 36 ksi
20
| |
0.05 0.10

0.15 0.20 0.25 0.30 0.35

Strain, inches per inch




Material Requirements

For Seismic Design

. The Higher Strength 7é the Better

Concept of Ductile Chain Links
Ductile Link Non-Ductile Link




Ductile Link
Py =10 Non-Ductile Link
Py =15

Scenario A

P
-—— -2

10 ........




Ductile Link
Py =16 Non-Ductile Link
Py =15

Scenario B

P
— 33 L




10

Lessons Learned

« Too high the reserved strength is not good

 Use actual value of strength (not the specified
one) to design critical components



Material Requirement Summary

AISC Seismic Provisions:

e Limit Max. Yield Stress = GR50 (50 ksi)

e Use Actual Yield Stress to Design Critical
Components Fy (Actual) = RyFy

0.2% offset = — — — Tensile strength, £,
_"”» Heat-treated constructional
100 alloy steels; A514 quenched e , 4 -
| winimum yietdsrengih el e M15141 2 AR IR AHD MIFA AR 9103 90 4T TR 2]
| v - sl -
= B 1 SR = Ter
£ 80 { W% — THADIADINTTUA =TT Ry
= alloy carbon steels; 2 o= Y
: I| A572 IMANTATEU (Hot-Rolled Section)
g
g _ b) ASTM A36 1.5
&, F, =50 ksi
g . ASTM A572 13
5 40 1 _ steels; A36 (a) 5
F, = 36 ksi IWWANAH19 (Hollow Steel Section)
o 8 ASTM A500 1.3
| ]
NOWHN (Structural Steel Pipe)
| 1 1 | 1 | 1
0.05 0.10 0.15 0.20 0.25 0.30 0.35 ASTM A53 1.4

Strain, inches per inch



MEMBER REQUIREMENTS



Local Buckling

Member Requirement



Member Requirement

Local Buckling




Lessons Learned
 Prevent Local Buckling by Using Compact
Section

Non-Compact Compact



Member Requirement

Lessons Learned
 Prevent Local Buckling

_1 1 ar 1 il 1 i L ar ) ar 1 =
191 ilﬁ 3 ﬂ’lﬂ'ﬂﬁ"IfT:IHﬂTHlJﬂTH'ﬂE]ﬂTINHH’Iﬁ EJEJN‘?LHET’ITT?‘]_Iﬂ’Iﬁ'EIEIﬂLL‘]_I’LILﬁﬂ?ULL?QLLHuﬂHWWU

FIHHATIIUNTODALL Y 2002 ATSC Seismic Provisions [Z]

o a 1 1 --=tiI a:d' iy
DIADIAT DF T Anngangoyly
=] = e
Unmunioimgudl b2t 0.30.[E7F
WHUID IUDIATUT AT T hit,, 245 (BT F,
. . o
LLHHLE]TJ"’LIEJJLﬁ’IEﬂG]TJI hit,, 114 JEFF (1-154P jgry WD pige 20125

|
112 /EfF (233-F gy WO prge 50125

=
YIVDUNEARIA bt 030, E7 F
BIVEEN bit 064 [E7F
NOAAY Dit

0044 E/F




Member Requirement

Lateral-Torsional
Buckling




Member Requirement

Lessons Learned

 Prevent Lateral Torsional Buckling




Introduction to Seismic Design Concepts

Lessons Learned

 Prevent Lateral Torsional Buckling

May be Inadequate



Lessons Learned

 Prevent Lateral Torsional Buckling




Response At Member Level




STRUCTURE REQUIREMENTS



Moment Frame
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Moment Frame

O Widely used lateral load resisting structural
steel system

O One of the best system if properly designed

>
Ta Moment &
\‘:\ - Shear
/ Transferre
\ > d By Rigid

Joint




Moment Frame

O Evolution of Moment Resisting Frames

O

Older Moment Frames: All bays are MRF
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Moment Frame

O Evolution of Moment Resisting Frames

0O Newer Moment Frames: MRF in some
bays only

< =30m

=} 1 EMoment
Frame
H H X
Braced Braced
Frame Frame
[ H H X
/-
\/\1\ |
A I],f\ 2 ;Moment
o : Frame
4@75




Moment Frame
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Moment Frame

01994 Northridge Earthquake (M6.7)

OWidespread Damage to Beam-to-Column Connections,
Base Plates, and Other Framing Elements

oDamaged Structures Included:
O 1 Story to 26 Stories in Height
O 30-Year-Old to Recently Erected

0O Areas with Moderate to Severe Levels of Ground
Shaking




Moment Frame

(After SAC Joint Venture 1999)




Moment Frame

01995 Kobe Earthquake (M 6.9)
oSimilar Damage as Found in the Northridge Earthquake

OConnection Failures resulted in Partial Collapses of
Buildings




Moment Frame

OLaboratory Test

Uang et al. 2002




Moment Frame

oUniversity of Michigan Test (Wongkaew et al. 2002)

_;r""




Moment Frame

oUniversity of Michigan Test (Wongkaew et al. 2002)




Moment Resisting Frame

Moment Resisting Frame Classification
O Special Moment Resisting Frame
(0.04 Rad Rotation Requirement at Joint)

O Intermediate Moment Resisting Frame

(0.02 Rad Rotation Requirement at Joint)

O Ordinary Moment Resisting Frame

(Joint Design for 1.1R,M,)



SMRF & IMRF Moment Frame

O Moment connection must be a “Prequalified Type”

OCapable of providing 0.04 radian plastic rotation
(SMRF) or 0.02 radian for IMRF

T — ®
TN |
» .

H Oadl

x\\\ ]

|+
+ ~

P N
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SMRF & IMRF Moment Frame

R = radius of cut =

c

4c2+b2
8¢

-z

R

/"ﬂ_\

] L

ya

c

el .

b

a
.DB2to DB4: a=9" b=27" (=2-3/8" R=40"

DB5:

a=5" b=25" c¢=2"

R=40"




Panel Zone Requirement




Panel Zone Requirement

|||||
|||||




Panel Zone Requirement

Wongkaew et al. 2002

|||||
|||||




Panel Zone Requirement

AISC 1992 Panel Zone Strength ¢Vn > Vu

V 0.6F d.t. |1 30t}
= . +
¢V n ¢V yc—c"p dbd t

c p

t—dZ+WZ
90




Column Requirement

Overstrength Load Combination

/ Overstrength

0
®

e Columns must
- 5 n be designed for
Overstrength
—®° Condition

Base Shear

2 } « Code considers
L : only Axial Force

O max Displacement




Column Requirement

Load Combination with Overstrength

P, = 1.2D+0.5L+Q E

Overstrength Factor

= 2-3 (based on structural system)



Column Requirement

Vb =2Mp/L

P2 =2Mp/L
P1=2Mp/L+2Mp/L




Misc. Requirement

O Strong Column O Weak Beam
Weak Beam Strong Column

AISC 1992 22 =P /A)
ZZbeb




Braced Frame




Problems with Steel Braces

. Complex, deteriorating ¢
Braces have limited hysteretic l0ops

ductility capacity L

Practical Q}‘/
considerations and Difference in post-
simplifications result buckling tension

In large variation in and compression
story C/D ratio capacity introduces

Yielding tends to beam bending

concentrate in a Cyclic brace

few levels deterioration
further concentrates
damage

After Sabelli and Mahin, DAESS Design and
University of California, Berkeley






Braced Frame

Behavior of Bracing

SLENDERNESS RATIO: KLit = 80

27 ]

o

Goel et al.

© = Real Hinge
® = Plastic Hinge (Mpr)

oA
E F - ok
/9-1‘—\( AB
— o7l > ——
< BC
o -y g Al 0 «—
—
5 = _EVF"
1 DE
N S

Small residual deformation — EF

Uang et al.



Braced Frame

Behavior of Bracing

1.00T

0.75+
SLENDERNESS RATIO: KL/r = 80

1 1
L T

Goel et al.




Braced Frame

Factor Affecting Ductility of Braced Frames

Slenderness Ratio

4.0



Braced Frame

Factor Affecting Bracing Behavior

AISC 1992 Slenderness Ratio Limit

kL/r<4.23,[E/F,

AISC 2002 Slenderness Ratio Limit

kL/r<587.[E/F,



Braced Frame

Factor Affecting Behavior

2) Cross Section

e Square Section
e Circular Section
e Single Angle
 Double Angle

» Closed sections are better than open
sections
e Section must be compact




Braced Frame

Factor Affecting Bracing Behavior

3) Connection

e Bracing-to-Beam
e Bracing-to-Column




Braced Frame

Connection Design Problem

« Assumed
Pin-Ended
In Design

A BRACING

MEMBER

L]
«— GUSSET PLATE

oo’
\o.o N e

t = THICKNESS OF GUSSET PLATE

Welded in
the field




Braced Frame

Assumed

Actual

Plastic Hinge



Braced Frame

Solution

Case A: Brace Buckles in Plane

GUSSET PLATE

Gusset plate
designed for
moment Mp of
brace

t = THICKNESS OF GUSSET PLATE




Braced Frame

Solution

Case A: Brace Buckles in Plane

Gusset plate
designed for
moment Mp of
brace

-
OO

Section of Brace

Section of Gusset

Gusset Must be
Stronger




Braced Frame

Solution

Case B: Brace Buckles Out of Plane




Braced Frame

Solution

Case B: Brace Buckles Out of Plane

TS

NANNNNNNSN
NN

LIS

Section of Gusset Section of Brace

W

Impossible to
make gusset
stronger than
brace




Braced Frame

Solution

Case B: Brace Buckles Out of Plane

Allow gap at
least 2t to
allow plastic
rotation




Braced Frame

Post Buckling Consideration

—_— 0 / O

% 7
Before Buckling



Braced Frame

Post Buckling Consideration

After Buckling

v
Resultant
(Unbalanced Force)

I S

0,

1.00T

0.75 4

SLENDERNESS RATIO: KUr = 80
0.5

=) Jc

sl



Braced Frame

AISC Requirement

I

v
Resultant
(Unbalanced Force)

1.00T

0.75+

SLENDERNESS RATIO: KL/r = 80
0.5

1 L

27 /|
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Advantages

Ovsavesmslutnangdwssalumsasumaseins

[1/1a49 (Strength) 1azAINUUY (Stiffness) 1AL AMIHHEN
(Ductility) 14A2g49

imalulagnlges a1usols lanun

[

Ou5uilselanaresiluny (Versatility)

Oansoialuvaeionnsinsleau



Strengthening Applications

Osduvumslimvangdwssadumaasumaseins

1 1994 Confinement

O ifins1a35uusaneu 138 Lap Splice

O a9l aesIuNge1ns




Importance of Confinement

+ Confined First ! Deflection

Wl concrefe hoop (a) Ordinary
r.q- 'PI:C' =
L
£
LA
v gL g
¢ A m\mﬁ
E“ N Assumed for
S _ ;

Er )

Compressive Strain, E¢

(¢} Special Deflection



Confinement

L a8 2 A b P < T

Source: National Information Service for Earthquake
Engineering, Earthquake Engineering Research Center,
University of California Berkeley



Strengthening Applications

(103 Confinement

__ Rectangular
Steal Jacked

Soe Detmbed A-A for
S Conceele Jacael

(L.

Elevation

Figurs 3 - Diagram of the full-height circuter stes! jacket used (o retrofit the
rainforcad concrete bridge columiis on tha Hanahin Expresstvay in Hobe.




Strengthening Applications
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hickness 3 mm
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Lonnselid
by welding

by welding
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steel plale=Eivm

Them
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with thiskness =
N 1433
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Strengthening Applications

[ Steel Jacket

Crrift Ratio (%) Dinift Ratio (%)
T & 5 4 3 2101 2 3 4 85 B T
71T 1T 7"T7T 7177717 TTTTTTTTTT T T

- 6 5 4 F 2 1 D1 2 F 4 & B T
F1i7e 1 "N B L B B LN B BN ML BN LA BN BN BN BN
1]
ana
40
G
Fane]

z
£
E

100
200
00
400

00
] o Pl b el oo &0
& Spalling point
ol PR R N TR NN T R PR I TR NI NN TR N rom I [ TR T T B I [ TR [N T [ T '
250 200 150 100 et} o =20 100 =} 200 250 250 200 150 150 50 o aa o] 153 i | a0

Displacement {mm} Displacement (mm)
ia) BMCL 100 (b SCL 102
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Strengthening Applications

13 Overall Lateral Strength 18 Stiffness Taglay Bracing




Strengthening Applications

O vef
O mamuaailagnssa

Dﬁﬁ“'ﬁﬂ!aﬂﬂﬁld!ﬂW]%!!H’J
(Selective Application) 1B
Frame 214400

Oven1352 )9

[IBuckling (Global and Local)




Strengthening Applications

[JLocal Buckling Leads to High

Local Deformation Demand




Strengthening Applications

O Low b/t Ratio (AISC 2002)

DIADINNT GEAT i Arniiaanoos 1
Unnrunioimyual b2t 0.30,/E7F,
WAWD VD IA U AT T hit,, 245,[ETF
WAL DM JUAT T hit,, 3.14,/ETF (1-1.54P. /4P (il P IgP <0.125
112,/ETF (233-F 1¢P) o P /gP 50125
VIUDAMANRN bit 030 [E/F
VoA bit 0.64,[ETF
Viona Dt

0.044E/F




Recent Technology

[ Unbonded Brace l
: | N .
Brace behavior ;’4 g\\ Lateral restraining
depends on kl/r, D, 9C mechanism to
conne_ctlon dejtalls, %% delay buckling
as-built material A
properties, loading ’4&
history, etc. »‘4 ’4
N
P A PAAF
A F, | 7 * —
gy
| —> >
: )
I:)cr { 1

After Sabelli and Mahin, DAESS Design and
University of California, Berkeley



Recent Technology

[ Unbonded Brace

encasing

. maortar
o
ey

~ A

A yielding steel core
A

s sleel core and mortar
'

sieeal tube

unbonding matenal between

/"

/m

‘ tension

—

i

_‘.d-

-
-

displagement

Y |
unbonded -
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[ Unbonded Brace Test Result
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[JUnbonded Brace in RC Seismic Restrofitting

Wallace F. Bennell Federal Buillding
Salt Lake City, Utah

Hefrofit of 8-story, 300,000 sf concrete building
344 Unbonded Braces, up to 1900k

After SIE Inc.
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[JUnbonded Brace Technology in Thailand
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