
การใชโครงสรางเหล็กในอาคารที่

ออกแบบรบัแรงแผนดนิไหวและ

การใชโครงสรางเหล็กในการเสริม

กําลังอาคารเพื่อรับแรง

แผนดนิไหว

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



Objectives 

ระบบโครงสรางเหลก็รับแรงแผนดนิไหวระบบโครงสรางเหลก็รับแรงแผนดนิไหว

หลักการออกแบบและการใหรายละเอียดหลักการออกแบบและการใหรายละเอียด(Detailing) (Detailing) 

ที่สําคัญที่สําคัญ

เทคโนโลยีที่เกี่ยวของกับการใชโครงสรางเหลก็ในเทคโนโลยีที่เกี่ยวของกับการใชโครงสรางเหลก็ใน

การปรับปรุงอาคารเพื่อรับแรงแผนดินไหวการปรับปรุงอาคารเพื่อรับแรงแผนดินไหว



Basic Building Response to EQ 
แรงแผนดินไหว

Lateral Load Resisting Frame



Steel StructureSteel Structure

Widely used in seismic zonesWidely used in seismic zones

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

Structural Steel System 



Structural Steel System 

Concepts and TerminologyConcepts and Terminology

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

Gravity 
Load 
Carrying 
Column



Commonly Used Lateral Load Resisting 
Structural Steel System

Moment 
Resisting 

Frame

Structural Steel System 



Structural Steel System 



Braced Frames Braced Frames 

Structural Steel System 



Braced Frames Braced Frames 

Structural Steel System 



Structural Steel System 



Braced FrameBraced Frame vsvs Moment FrameMoment Frame

Structural Steel System 



Structural Steel System 

New Structural Systems : OpenNew Structural Systems : Open--Web  FramesWeb  Frames



Structural Steel System 
New Structural Systems : Staggered TrussesNew Structural Systems : Staggered Trusses



Structural Steel System 

New Structural Systems : Steel Plate Shear WallsNew Structural Systems : Steel Plate Shear Walls



Typical Seismic Design ProcessTypical Seismic Design Process
Determination of Seismic Design ForcesDetermination of Seismic Design Forces

Structural AnalysisStructural Analysis

Member Design / Seismic Design Member Design / Seismic Design 
Requirement Checks According to Seismic Requirement Checks According to Seismic 
ProvisionsProvisions

ReanalysisReanalysis

DetailingDetailing

Seismic Design Process 



Determination of Seismic Design ForceDetermination of Seismic Design Force

  กฎกระทรวงกฎกระทรวง  25502550

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

IBC (International Building Code)IBC (International Building Code)

ASCE7ASCE7--0505



Determination Seismic Design ForceDetermination Seismic Design Force
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Magnitude of design forces depends on severity Magnitude of design forces depends on severity 
of earthquake and ductility of the structureof earthquake and ductility of the structure



แรงในการออกแบบตามกฎกระทรวงฯแรงในการออกแบบตามกฎกระทรวงฯ

Braced Frame

Intermediate
MRF



Allowable Stress Design

∑≥ in QFSR /

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

แรงในการออกแบบตามกฎกระทรวงฯแรงในการออกแบบตามกฎกระทรวงฯ



International Standard (asce7International Standard (asce7--05 / IBC2006)05 / IBC2006)

 ระบบโครงสราง Response 

Modification Factor 

(R) 

Building Frame 

System with 

Seismic Detailing 

โครงยึดรั้งเหล็กแบบรวมศูนยแบบพิเศษ  

(Special Steel Concentric Braced Frame) 

 

โครงยึดรั้งเหล็กแบบรวมศูนยแบบธรรมดา  

(Ordinary Steel Concentric Braced Frame) 

 

โครงขอแข็งเหล็กที่มีความเหนียวเปนพิเศษ  

(Special Steel Moment Resisting Frame) 

 

โครงขอแข็งเหล็กที่มีความเหนียวปานกลาง 

(Intermediate Steel Moment Resisting Frame) 

 

โครงขอแข็งเหล็กธรรมดา 

(Ordinary Steel Moment Resisting Frame) 
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Design MethodDesign Method

Load-Resistance Factor

∑≥ iin QR γφ

Ex: 0.9R   >= 1.2D+1.6L

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



Design MethodDesign Method

 ระบบโครงสราง Response 

Modification 

Factor 

(R) 

Equivalent 

K 

Building 

Frame System 

with Seismic 

Detailing 

โครงยึดรั้งเหลก็แบบรวมศูนยแบบพิเศษ  

(Special Steel Concentric Braced Frame) 

 

โครงยึดรั้งเหลก็แบบรวมศูนยแบบธรรมดา  

(Ordinary Steel Concentric Braced Frame) 

 

โครงขอแข็งเหลก็ที่มีความเหนียวเปนพิเศษ  

(Special Steel Moment Resisting Frame) 

 

โครงขอแข็งเหลก็ที่มีความเหนียวปานกลาง 

(Intermediate Steel Moment Resisting 

Frame) 

 

โครงขอแข็งเหลก็ธรรมดา 

(Ordinary Steel Moment Resisting Frame) 
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Note: 1.33 
Increase for ASD 
is not allowed 
(Per UBC1997)



Design MethodDesign Method

∑≥ iin QR γφ

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

LRFD based LRFD based 
1.0 x (UBC97/ASCE71.0 x (UBC97/ASCE7--05)05)

1.40x 1.40x ((  กฎกระทรวงกฎกระทรวง  ))



Detailing Method Detailing Method 

Member Design & Seismic RequirementsMember Design & Seismic Requirements

AISC Provisions AISC Provisions 
are LRFD basedare LRFD based
((www.aisc.orgwww.aisc.org))



Introduction to Seismic Design ConceptsIntroduction to Seismic Design Concepts

Seismic Provisions Govern Design at: Seismic Provisions Govern Design at: 

•• Material LevelMaterial Level
•• Member LevelMember Level
•• Structure LevelStructure Level

Three LevelsThree Levels

Three AspectsThree Aspects

•• StrengthStrength
•• DuctilityDuctility
•• StabilityStability



MATERIAL REQUIREMENTS  MATERIAL REQUIREMENTS  



Material RequirementsMaterial Requirements

Conventional Design (Static Load)Conventional Design (Static Load)

•• The Higher Strength the Better  The Higher Strength the Better  

For Seismic DesignFor Seismic Design

•• The Higher Strength        The Higher Strength        == the Better  the Better  



Material RequirementsMaterial Requirements

High Strength High Strength --> Less Ductile> Less Ductile



Material RequirementsMaterial Requirements

For Seismic DesignFor Seismic Design

•• The Higher Strength        The Higher Strength        == the Better  the Better  

Concept of Ductile Chain LinksConcept of Ductile Chain Links
Ductile LinkDuctile Link NonNon--Ductile LinkDuctile Link



Ductile LinkDuctile Link
PyPy =10=10 NonNon--Ductile LinkDuctile Link

PyPy = 15= 15

Scenario AScenario A

1010



Ductile LinkDuctile Link
PyPy =16=16 NonNon--Ductile LinkDuctile Link

PyPy = 15= 15

Scenario BScenario B

1515



1515

1010

Lessons LearnedLessons Learned
•• Too high the reserved strength is not goodToo high the reserved strength is not good
•• Use actual value of strength (not the specified Use actual value of strength (not the specified 

one) to design critical componentsone) to design critical components



Material Requirement SummaryMaterial Requirement Summary

AISC Seismic Provisions:AISC Seismic Provisions:
•• Limit Max. Yield Stress = GR50 (50 Limit Max. Yield Stress = GR50 (50 ksiksi))
•• Use Actual Yield Stress to Design Critical Use Actual Yield Stress to Design Critical 

Components    Components    FyFy (Actual) = (Actual) = RyFyRyFy



MEMBER REQUIREMENTS  MEMBER REQUIREMENTS  



Member RequirementMember Requirement

M

M

M

M

Local BucklingLocal Buckling



Local BucklingLocal Buckling

Member RequirementMember Requirement



Lessons LearnedLessons Learned
•• Prevent Local Buckling by Using Compact Prevent Local Buckling by Using Compact 

SectionSection

••NonNon--CompactCompact CompactCompact



Lessons LearnedLessons Learned
•• Prevent Local BucklingPrevent Local Buckling

Member RequirementMember Requirement



LateralLateral--TorsionalTorsional
Buckling Buckling 

Member RequirementMember Requirement



Lessons LearnedLessons Learned

•• Prevent Lateral Prevent Lateral TorsionalTorsional BucklingBuckling

Member RequirementMember Requirement



Introduction to Seismic Design ConceptsIntroduction to Seismic Design Concepts

Lessons LearnedLessons Learned

•• Prevent Lateral Prevent Lateral TorsionalTorsional BucklingBuckling

May be InadequateMay be Inadequate



Lessons LearnedLessons Learned

•• Prevent Lateral Prevent Lateral TorsionalTorsional BucklingBuckling



Response At Member LevelResponse At Member Level



STRUCTURE REQUIREMENTS  STRUCTURE REQUIREMENTS  



Moment Frame 



Widely used lateral load resisting structural Widely used lateral load resisting structural 
steel systemsteel system

One of the best system if properly designedOne of the best system if properly designed

Moment & Moment & 
Shear Shear 

TransferreTransferre
d By Rigid d By Rigid 

Joint Joint 

Moment Frame 



โครงการอบรม การออกแบบโครงสรางเพื่อตานทานแผนดินไหว ครั้งที ่5โครงการอบรม การออกแบบโครงสรางเพื่อตานทานแผนดินไหว ครั้งที ่5

Evolution of Moment Resisting FramesEvolution of Moment Resisting Frames

Older Moment Frames:  All bays are MRF Older Moment Frames:  All bays are MRF 

Moment Frame 



Evolution of Moment Resisting FramesEvolution of Moment Resisting Frames

Newer Moment Frames:  MRF in some Newer Moment Frames:  MRF in some 
bays only bays only 

Moment 
Frame

Braced 
Frame

7.5 m

7.5 m

9.0 m

4 @ 7.5 
=30 m

Moment 
Frame

Braced 
Frame

Moment Frame 



โครงการอบรม การออกแบบโครงสรางเพื่อตานทานแผนดินไหว โครงการอบรม การออกแบบโครงสรางเพื่อตานทานแผนดินไหว 

Moment Frame 



1994 Northridge Earthquake (M6.7)1994 Northridge Earthquake (M6.7)

Widespread Damage to BeamWidespread Damage to Beam--toto--Column Connections, Column Connections, 
Base Plates, and Other Framing ElementsBase Plates, and Other Framing Elements

Damaged Structures Included:Damaged Structures Included:

1 Story to 26 Stories in Height1 Story to 26 Stories in Height

3030--YearYear--Old to Recently Erected Old to Recently Erected 

Areas with Moderate to Severe Levels of Ground Areas with Moderate to Severe Levels of Ground 
Shaking Shaking 

Moment Frame 



(After SAC Joint Venture 1999)(After SAC Joint Venture 1999)

Moment Frame 



1995 Kobe Earthquake (M 6.9)1995 Kobe Earthquake (M 6.9)

Similar Damage as Found in the Northridge EarthquakeSimilar Damage as Found in the Northridge Earthquake

Connection Failures resulted in Partial Collapses of Connection Failures resulted in Partial Collapses of 
BuildingsBuildings

Moment Frame 



Moment Frame 
Laboratory TestLaboratory Test

Uang et al. 2002UangUang et al. 2002et al. 2002



University of Michigan Test (University of Michigan Test (WongkaewWongkaew et al. 2002)et al. 2002)

Moment Frame 



University of Michigan Test (University of Michigan Test (WongkaewWongkaew et al. 2002)et al. 2002)

Moment Frame 



Moment Resisting FrameMoment Resisting Frame

Moment Resisting Frame ClassificationMoment Resisting Frame Classification

Special Moment Resisting FrameSpecial Moment Resisting Frame

(0.04 (0.04 RadRad Rotation Requirement at Joint)Rotation Requirement at Joint)

Intermediate Moment Resisting FrameIntermediate Moment Resisting Frame

(0.02 (0.02 RadRad Rotation Requirement at Joint)Rotation Requirement at Joint)

Ordinary Moment Resisting FrameOrdinary Moment Resisting Frame

(Joint Design for 1.1R(Joint Design for 1.1RyyMMpp))



Moment connection must be a Moment connection must be a ““PrequalifiedPrequalified TypeType””

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

SMRF & IMRF Moment Frame 



SMRF & IMRF Moment Frame 



Panel Zone RequirementPanel Zone Requirement



Panel Zone RequirementPanel Zone Requirement



Panel Zone RequirementPanel Zone Requirement

Wongkaew et al. 2002WongkaewWongkaew et al. 2002et al. 2002



Panel Zone RequirementPanel Zone Requirement
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Column RequirementColumn Requirement

OverstrengthOverstrength Load CombinationLoad Combination
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Overstrength

• Columns must 
be designed for 
Overstrength
Condition

• Code considers 
only Axial Force



Column RequirementColumn Requirement

Load Combination with Load Combination with OverstrengthOverstrength

PPuu = 1.2D+0.5L+= 1.2D+0.5L+ΩΩooEE

Overstrength Factor

= 2-3 (based on structural system)



Column RequirementColumn Requirement

VbVb =2Mp/L=2Mp/L

P2 = 2Mp/LP2 = 2Mp/L
P1=2Mp/L+2Mp/LP1=2Mp/L+2Mp/L



Misc. RequirementMisc. Requirement

Strong Column Strong Column 
Weak BeamWeak Beam

Weak Beam Weak Beam 
Strong ColumnStrong Column

AISC 1992AISC 1992 0.1
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Braced Frame 



Problems with Steel Braces 

Braces have limited 
ductility capacity

Complex, deteriorating 
hysteretic loops

Difference in post-
buckling tension 
and compression 
capacity introduces 
beam bending

Cyclic brace 
deterioration 
further concentrates 
damage

Practical 
considerations and 
simplifications result 
in large variation in 
story C/D ratio

Yielding tends to 
concentrate in a      
few levels

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





Braced FrameBraced Frame

Behavior of BracingBehavior of Bracing

GoelGoel et al.et al.
UangUang et al.et al.



Braced FrameBraced Frame

Behavior of BracingBehavior of Bracing

GoelGoel et al.et al.

~0.3Pcr~0.3Pcr
PcrPcr



Braced FrameBraced Frame

Factor Affecting Ductility of Braced FramesFactor Affecting Ductility of Braced Frames

Slenderness RatioSlenderness Ratio
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Py



Braced FrameBraced Frame

Factor Affecting Bracing BehaviorFactor Affecting Bracing Behavior

AISC 1992 Slenderness Ratio LimitAISC 1992 Slenderness Ratio Limit

yFErkL /23.4/ ≤

yFErkL /87.5/ ≤

AISC 2002 Slenderness Ratio LimitAISC 2002 Slenderness Ratio Limit



Braced FrameBraced Frame

Factor Affecting  BehaviorFactor Affecting  Behavior

2)  Cross Section2)  Cross Section

•• Square SectionSquare Section
•• Circular SectionCircular Section
•• Single AngleSingle Angle
•• Double AngleDouble Angle

•• Closed sections are better than open Closed sections are better than open 
sectionssections

•• Section must be compactSection must be compact



Braced FrameBraced Frame

Factor Affecting Bracing BehaviorFactor Affecting Bracing Behavior

3)  Connection3)  Connection
•• BracingBracing--toto--BeamBeam
•• BracingBracing--toto--ColumnColumn



Braced FrameBraced Frame

Connection Design ProblemConnection Design Problem

•• AssumedAssumed
PinPin--Ended Ended 

in Designin Design

•• Welded in Welded in 
the fieldthe field



Braced FrameBraced Frame

AssumedAssumed ActualActual

Plastic HingePlastic Hinge



Braced FrameBraced Frame

SolutionSolution

Case A: Brace Buckles in PlaneCase A: Brace Buckles in Plane

MpMp

Gusset plate Gusset plate 
designed for designed for 

moment Mp of moment Mp of 
bracebrace



Braced FrameBraced Frame

SolutionSolution

Case A: Brace Buckles in PlaneCase A: Brace Buckles in Plane

MpMp

Gusset plate Gusset plate 
designed for designed for 

moment Mp of moment Mp of 
bracebrace

Section of GussetSection of Gusset

Section of BraceSection of Brace

Gusset Must be 
Stronger



Braced FrameBraced Frame

SolutionSolution

Case B: Brace Buckles Out of PlaneCase B: Brace Buckles Out of Plane

MpMp



Braced FrameBraced Frame

SolutionSolution

Case B: Brace Buckles Out of PlaneCase B: Brace Buckles Out of Plane

MpMp

Section of GussetSection of Gusset Section of BraceSection of Brace

Impossible to 
make gusset 

stronger than 
brace



Braced FrameBraced Frame

SolutionSolution

Case B: Brace Buckles Out of PlaneCase B: Brace Buckles Out of Plane

Allow gap at Allow gap at 
least 2t to least 2t to 

allow plastic allow plastic 
rotationrotation



Braced FrameBraced Frame

Post Buckling ConsiderationPost Buckling Consideration

Before BucklingBefore Buckling



Braced FrameBraced Frame

Post Buckling ConsiderationPost Buckling Consideration

After BucklingAfter Buckling
E

T C
Resultant

(Unbalanced Force)

T

C



Braced FrameBraced Frame

AISC RequirementAISC Requirement

E

T C
Resultant

(Unbalanced Force)

T

C

(RyTy)

(RyTy)

(0.3φPcr)

(0.3φPcr)



การเสริมกําลังอาคารเพื่อรับแรงแผนดนิไหวการเสริมกําลังอาคารเพื่อรับแรงแผนดนิไหว

โดยใชโครงสรางเหลก็โดยใชโครงสรางเหลก็



Advantages 
ขอดีของการใชเหลก็รูปพรรณในการเสริมกําลังอาคาร

กําลัง (Strength) และความแข็ง (Stiffness) และ ความเหนียว 

(Ductility) ในตัวสูง

เทคโนโลยีที่ใชอยู สามารถใชไดทันที

ปรับปรุงไดหลายรูปแบบ (Versatility)

สามารถทําไดในขณะที่อาคารมีการใชงาน



Strengthening Applications 

รูปแบบการใชเหล็กรูปพรรณในการเสริมกําลังอาคาร

เพิ่ม Confinement

เพิ่มกําลังรับแรงเฉือน หรือ Lap Splice

เพิ่มกําลังโดยรวมทั้งอาคาร



Importance of Confinement 



Confinement 

Source: National Information Service for Earthquake Source: National Information Service for Earthquake 
Engineering, Earthquake Engineering Research Center, Engineering, Earthquake Engineering Research Center, 

University of California BerkeleyUniversity of California Berkeley



Strengthening Applications 

เพิ่ม Confinement



Strengthening Applications 

Lap SpliceLap Splice



Strengthening Applications 

Steel JacketSteel Jacket



Strengthening Applications 
เพิ่มเพิ่ม  Overall Lateral Strength Overall Lateral Strength และและ  Stiffness Stiffness โดยใชโดยใช  BracingBracing



Strengthening Applications 
ขอดีขอดี

  ทางดานสถาปตยกรรมทางดานสถาปตยกรรม

สามารถเลือกใสเฉพาะแนวสามารถเลือกใสเฉพาะแนว  

(Selective Application) (Selective Application) เชนเชน  

Frame Frame ดานนอกดานนอก

ขอควรระวังขอควรระวัง

Buckling (Global and Local)Buckling (Global and Local)



Strengthening Applications 

Local Buckling Leads to High Local Buckling Leads to High 

Local Deformation DemandLocal Deformation Demand



Strengthening Applications 

Low Low b/tb/t Ratio (AISC 2002)Ratio (AISC 2002)



Recent Technology 

UnbondedUnbonded BraceBrace

Pcr

Ag Fy

Ag FyAg Fy

Lateral restraining 
mechanism to 
delay buckling

Brace behavior 
depends on kl/r, D/t, 
connection details, 
as-built material 
properties, loading 
history, etc.

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



Recent Technology 

UnbondedUnbonded BraceBrace



Recent Technology 

UnbondedUnbonded BraceBrace

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



Recent Technology 

UnbondedUnbonded Brace Test ResultBrace Test Result

University of California, Berkeley



Recent Technology 
UnbondedUnbonded Brace in RC Seismic Brace in RC Seismic RestrofittingRestrofitting

After SIE Inc.



Recent Technology 
UnbondedUnbonded Brace Technology in Thailand Brace Technology in Thailand 

Yooprasertchai (2007)
Asian Institute of Technology



Recent Technology 
UnbondedUnbonded Brace Technology in Thailand Brace Technology in Thailand 

Yooprasertchai (2007)
Asian Institute of Technology



Recent Technology 
UnbondedUnbonded Brace Technology in Thailand Brace Technology in Thailand 

Without BRB With BRB

Yooprasertchai (2007)
Asian Institute of Technology



Recent Technology 
UnbondedUnbonded Brace Technology in Thailand Brace Technology in Thailand 

Yooprasertchai (2007)
Asian Institute of Technology



The EndThe EndThe End


