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ABSTRACT

Over the past decade, various experimental studies have demonstrated the
advantages of high-performance fiber reinforced concrete (HPFRC) for seismic
applications, most importantly high ductility, energy absorption capacity and damage
tolerance. However, large-scale applications of HPFRC are still rare today, mainly
resulting from two facts: lack of explicit design guidelines and high cost. In this study,
seismic design parameters; namely, response modification, system overstrength and
displacement amplification factors (R, Qo, Cq) are derived for reinforced concrete
moment resisting frames based on the procedure outlined in FEMA P695. Two different
buildings designs are considered. In one of these designs, the concrete is entirely replaced
with HPFRC. In the second design, to address the cost issue, only the plastic hinge
regions are built from HPFRC while reinforced concrete is used for the rest of the
buildings. The seismic design factors are quantified using the current code concepts, with
the help of incremental dynamic analyses and finally by means of risk assessment
techniques. The results are proposed as a basis for further research on seismic design of

HPFRC and multi-material buildings.

vii



Table of Content

ACKNOWIEAGEMENT. .. tiirtieeeeeiintieteeitinteeeeecetensencescnsensensescnsansansessnsassensnns v
N 1] 3 T vil
LI o] (oo B @0 0] = | P S viii
[ TS 0 1o U T T Xi
(] o) I 1] [ Xiv
| T ) 35 1110 11) E XVi
(IES] o) 7Y o] o 21V F- L1 (o] o N xxi
Chapter 1 INtrodUCTION ........ccooivieiccie e 1
IS R = 7= Tox (0| (0] [T P 1
1.2 ODJECHIVES QN0 SCOPE .ceeerurerrerrnrersersnrersessneesssssnessssssnesssssssesssssnnesssssnsesssssnsesssssnsssssssnsssssssnssssssnnasss 2
1.3 RESEArCh APPIOACH c.ciiccueriricrrertrienrtericseetsiesneesessnnesssssnnessssssnesssssnnesssssnsasssssnssssssssasssssnnsssssnnasss 3
1.4 Content and OrganiZation .......cceeeeeeersieeriisiinniennieiiiesiessesssresiesssessssrsssssessssssssssessssessssessns 4
Chapter 2 Literature REVIEW...........ccveiieiie it 5
220 R 11100 0T [ o 5
2.2 Previous Studies on Beam Column JOINES .....civeiverieriiniinninneesseesseesssesnsessessesseisenenenes 5

2.2.1  Experimental Studies on Reinforced Concrete Beam Column JOints ........ccccecevereenenecniennnne. 6

2.2.2  Experimental Studies on ECC Beam Column JOINES........cccoevveererirenenieenieieesieeeeseeeeseeeenes 8

2.2.3  ANAIYHICAI STUIES .....eeieiiiiiieeie ettt ettt bt bttt e st e besaesbe e bt ebe et et enbeneans 11
2.3 Previous Studies 0n Seismic DeSigN ParametersS...ccieeccreereeersnericsssnessessenesscssesessessssesssssnessessnnes 15
Chapter 3 A Review of the FEMA P695 Methodology ..........ccccccvveienen, 21
R T8 N 1 1100 [Tt 1 o o 21
R I Vi1 (=) 0 1 (0] 4o o 24
KIS I AN ol 0 T=1 8] o Lol B oY T 0] ] 0 1T oL RN 25
3.4 SeiSMIC DESIGN IMETNOM......ueiieerrieieeieericcreeerscsseeeseeseeeseessnessesssnessessanessessasessessnsesssssnessssssnesssssnnes 28



3.5 NONINEAT ANGIYSIS ..uveeiiirrreriecrreriesrsreniesssresscssnessssssssssssssesssssssesssssanesssssanssssssasssssssnssssssnnasssssnnes 31

3.5.1  Nonlinear Static Analysis (PUSROVET) ......coviiiriniiireieeriereeste ettt 31
3.5.2  Nonlinear Dynamic ANAIYSIS (IDA).......coieiriieeiete ettt sttt e e e 33
3.6 Performance EVAlUALION ......ccceicveiriieiiieeiiieinee e sae s ae s sse s 37
3.6.1  Performance EVAlUALION CritEria........cocvuerirerrerirrieriisierereretesete e es 38
3.6.2  Adjusted Collapse Margin RALIO .........ccuerverieririiiirieeeiesestese e seeseeeesesaes e saestesseeseesaessensessens 39
3.6.3  Collapse Uncertainty of the SYSIEM .......ccuiiiiiiiiieee et 40
3.6.4  Evaluation of the SEISMIC PArAMELErS ........cceevrieriirierirereieeeerere st 43
Chapter 4 Archetype Development Procedure...........ccooeevvvevvieeciieeeinnene, 47
4.1 MaALErial PrOPEIrtiES cccvveeiersrrerrerrerersessneessessneesssssnesssssnnesssssnsesssssnsesssssnsssssssnsssssssnssssssnsesssssnnasssnes 47
411 ConVENtIONAl CONCIELE........ccveviirreriireeieerre ettt 48
412  Engineered CementitioUs COMPOSITES......ccuevruirieirririeiriirieiet ettt 49
S (- 50
G I o - Yo 1Y 51
4.4 Frame Types and ConfigUrations.....ccceceernieriieiiinisinieiiniiiieiiessississsesesessnessssesessssses 51
4.4.1  Reinforced Concrete Frames (R/C) ....eoueoiiriireriirieieeieeteee sttt sttt 52
4.4.2 Reinforced ECC Frames (R/ECC) ...ocvcieievierieiieiecteeeeiestesie et se e essesessessestestesrassaessessessennas 52
4.4.3  Multi Material Frames (IMX)......cccveeeeeeeieriesereseseeseetessesestesresessesssessessessessessessessssssessessenses 52
4.5  PerfOrmanCe GrOUPS .ioceeicseeresseessseersssesssisssssessssesessessssesssstsssstsssssesesstssssesssssssesssssssesssssssessasssses 54
Chapter 5 Nonlinear Analysis of Archetypes.........cccccovvvviiiiniieineeneene 55
5.1 Nonlinear Analysis Program (ZEUS NL) ...cccccceiiiinieiiiniieiiiiesiesnessessesessessssssssssssssssssessssnnes 55
5.2 INPUL GroUNd MOLIONS ...uuveeieerreeienseenicsssesscssseesscsssesssssssesssssasesssssasesssssasesssssasssssssnsssssssnasssssnnes 56
521, NOrmalization 0F RECOIUS ....c.ccveuiirieiiririeiiinreinrreeeereerer ettt 56
5.2.2.  SCAlING OF RECOIUS ..ottt sttt sttt st sbenaenea 57
5.3 EigenValue ANalYSIiS. .ttt e s es e s s s ann e 58
5.4 Nonlinear Static (PUSHOVET) ANAIYSIS c.cccvveereerreericrreerricseerseesnessesssnessessasessessasessessssessssssessessnnes 58



5.4.1.  Overstrength CalCUIAtION..........cccvcieieieceres ettt st sa e esesrens 61

5.4.2. Period Based Ductility CalCUIAtION .........coorveiriniiiriiiccere et 61
5.5 Nonlinear DYNamiC ANAIYSIS w.cicveirnieeiiseiisiniinisiiieiiieises s sssesssssssssssssssessssessssees 62
Chapter 6 Derivation of Seismic Parameters...........ccccocvvevveeiieeiieeeiinene, 65
6.1 Adjusted Collapse Margin RALIO ..cccceereiiceeriiiieiiiie s iecsee s see s sese s es e s sss s sans s sane s s annes 65

B.1.1  Collapse UNCEIAINTY .....ccvevvirreiticiiceeietesetestestese st ste et et et e ste e stesseessessessesesaestesseesessnensensensens 65

6.1.2  Acceptable Values of Adjusted Collapse Margin Ratio..........ccccveereeereeriereniereseseeeeeeseeneeneens 65
6.2 Evaluation of R fACIOF w.ccceiiiieiiiiiiiiiiniinitnntn sttt ae s sae s sae s 66
6.3 Evaluation of OVErstrength FaCIOF......icccceeiiiiieiiiiceeiriiet e ee e ss s sass s an e s annes 70
6.4 Evaluation of Deflection AMPlification FACLOr ...ccccveerecrreeriecrrericsrnesicssenessessenessessneesssssnessssnnes 70
Chapter 7 CONCIUSIONS .......ooovieie e 73
7.1 SUMIMAIY ceiiiiiiiiisssnnnnessisssssssssneesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssnssnsss 73
7.2 Observations and CONCIUSIONS.....ciiieiiiieiiiiiiiiesiiieeiiesses s ssse s ssesssaesssssssssasssssesssssass 73
7.3 Recommendations for FUtUre RESEAICH ...ccivveiiieeiieeinsninieiee et sseeas 76
APPENDIIX .o s 87
A. Nonlinear Static Pushover Analysis Results ..........cccccocvvinnen 87



List of Figures

FIGURE 1-1 EXAMPLE FOUR-STORY MX FRAME. .....iiiiiiiiiiiiiii i 3
FIGURE 2-1 TYPICAL BEAM-TO-COLUMN CONNECTIONS (ACI 2002). .....ooveuiriiieirienieireniese e 6
FIGURE 2-2 GIBERSON ONE-COMPONENT MODEL (GIBERSON 1969). ......coviiriiiiiiriiiiiinieiecnieeeeseeeee s 11
FIGURE 2-3 OTANI TWO-COMPONENT MODEL (OTANI 1974)......cuiiiiiiiiiiiieiiiieieicsieee s 11
FIGURE 2-4 PANEL ZONE MODEL OF ALATH AND KUNNAH (1995)......ciiiiiiiiiiiineiee e e 12
FIGURE 2-5 BEAM-COLUMN JOINT MODEL OF ELMORSI ET AL. (2000)........cccviiviiieeieriesene e e e 13
FIGURE 2-6 BEAM-COLUMN JOINT MODEL OF YOUSSEF AND GHOBARAH (2001).......cccvvriiiriiiiinieieinieenes 13
FIGURE 2-7 BEAM-COLUMN JOINT ELEMENT OF LOWES AND ALTOONTASH (2003). ....coveviiirieiiinieiecrieeens 14
FIGURE 2-8 BEAM-COLUMN JOINT MODEL (ALTOONTASH AND DEIERLEIN 2004)........ccccoiiiriiiniecineeenes 15
FIGURE 2-9 BEAM-COLUMN JOINT MODEL (SHIN AND LAFAVE 2004). ....ccooiiiiiiiiieieee e 15
FIGURE 3-1 KEY ELEMENTS OF THE FEMA P695 METHODOLOGY (FEMA 2009). ......coiiiiiriiniinecieieieie 21

FIGURE 3-2 PROCESS FOR QUANTITATIVELY ESTABLISHING AND DOCUMENTING SPFS BASED ON FEMA P695

(FEMA 2000)........ooveeeeeeeeeeeeeeeeeseeeeeseee e eee s ee e s ese s ese s ee e 22
FIGURE 3-3 PROCESS FOR OBTAINING REQUIRED SYSTEM INFORMATION (FEMA 2009)........ccccevneiiiriennne, 24
FIGURE 3-4 PROCESS FOR DEVELOPMENT OF STRUCTURAL SYSTEM ARCHETYPES (FEMA 2009). ................ 25
FIGURE 3-5 IDEALIZED NONLINEAR STATIC PUSHOVER CURVE. .....ccuviuieiiiiiiriite i s 32
FIGURE 3-6 EXAMPLE IDA PLOT . ...eiitittiteieittseee stttk nn et nn et 35
FIGURE 3-7 PROCESS FOR PERFORMANCE EVALUATION (FEMA 2009).......cccoiiiiiiecieie e 37

FIGURE 4-1 THE UNIAXIAL CONSTANT CONFINEMENT CONCRETE MODEL (MARTINEZ-RUEDA AND ELNASHAI

L997). oo e 48
FIGURE 4-2 THE MATERIAL MODEL FOR "ECC" [ELNASHAI ET AL. (2010)]. ..cveveviriiiciinieiecnie e 49
FIGURE 4-3 THE RAMBERG-0OSGOOD STEEL MATERIAL MODEL. ....ccuviuiiiiiiiienieirisiesiieee e s 50
FIGURE 4-4 ILLUSTRATION OF BEAM-COLUMN PLASTIC HINGE LENGTH. ....cociiiiriiinieie i 53
FIGURE 5-1 PUSHOVER ANALYSIS RESULT FOR MODEL ID-2064 RC. ......ccocoiiiiiniccncccn s 59
FIGURE 5-2 PUSHOVER ANALYSIS RESULT FOR MODEL ID-2064 IMX. ......coiiiiiiiiiiieieniee e 59
FIGURE 5-3 PUSHOVER ANALYSIS RESULT FOR MODEL ID-2064 R/ECC. .......ccooiiiiiiiiniecinieecseesie s 60
FIGURE 5-4 PUSHOVER ANALYSIS RESULTS OF 1D-2064 FRAME. ......cccveiiiriiiiiiirininieeese e 60

Xi



FIGURE 5-5 IDA RESULT FOR ID-1001 TWO-STORY RC FRAME. .....coiiittiiiiiee ittt ettt e e siibann s e e 62

FIGURE 5-6 IDA RESULT FOR ID-1001 TWO STORY MX FRAME. .....ciiiiiitiiiiieiiiiiittiit e s ssiibras s e e s e sibbanae e e s 63

FIGURE 5-7 IDA RESULT FOR ID-1001 TWO-STORY R/ECC FRAME. ...uueiiiiitiieiiieieesttie e etiee et svaea e 63

FIGURE 6-1 ILLUSTRATION OF ENERGY LOSS OF SYSTEM IN A CYCLE AND MAXIMUM STRAIN ENERGY

(@102 N2 00 TSSO 71
FIGURE A-1 STATIC PUSHOVER ANALYSIS RESULTS OF ID-2061.......cccoeiiiiiiiniiiinieeieie et 87
FIGURE A-2 STATIC PUSHOVER ANALYSIS RESULTS OF ID-2069. .......ccccoiiiiiieiieieeie e 87
FIGURE A-3 STATIC PUSHOVER ANALYSIS RESULTS OF ID-2064........ccccoiiiiiiiieieeie e 87
FIGURE A-4 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1001........cccoiiiiiiiiiesieeie e 88
FIGURE A-5 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1003........ccciiiiiiiiiesieee e 88
FIGURE A-6 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1008........ccocoiriiiiniiiiniecieiesiese e 88
FIGURE A-7 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1009. .......ccciiiiiiieiiereee et 89
FIGURE A-8 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1010......ccciiiieiieiiereenie et 89
FIGURE A-9 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1011.....cuiiiiiiiiiiieeieeee e 89
FIGURE A-10 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1012......cccuciiiiiiiieieeie e 90
FIGURE A-11 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1013. ...t 90
FIGURE A-12 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1014.....ccuiiiiiiiiiiiiiiinieeee e e 90
FIGURE A-13 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1020........cccciiiieiieieeie e 91
FIGURE A-14 STATIC PUSHOVER ANALYSIS RESULTS OF ID-1021. .....ccciiiiiiiiieieeie e 91

xii



List of Tables

TABLE 3-1 CONFIGURATION DESIGN VARIABLES AND RELATED PHYSICAL PROPERTIES (FEMA 2009). ..26
TABLE 3-2 SUMMARY OF MAPPED VALUES OF SHORT-PERIOD SPECTRAL ACCELERATION, S, SITE
COEFFICIENTS, F,, AND DESIGN PARAMETERS FOR SEISMIC DESIGN CATEGORIES B, C, AND D, Sys
AND Sps (FEMA 2009). ....ueiueieieitiiiee st e sttt e st st sbe st te st e st e e ebesaesaebesaeseebesaesaabesseseetessesaateseerens 29
TABLE 3-3 SUMMARY OF MAPPED VALUES OF 1-SECOND SPECTRAL ACCELERATION, Sy, SITE
COEFFICIENTS, F,, AND DESIGN PARAMETERS FOR SEISMIC DESIGN CATEGORIES B, C, AND D, Sy1
AND Sp (FEMA 2009). ...ttt ettt et b e et b e bbb st b e eb e e bt et nb et ebe e e b e b nnene s 29
TABLE 3-4 SUMMARY OF EARTHQUAKE EVENT AND RECORDING STATION DATA FOR THE FAR FIELD
RECORD SET (FEMA 2009)......cut itttk 34
TABLE 3-5 SUMMARY OF MAXIMUM CONSIDERED EARTHQUAKE SPECTRAL ACCELERATIONS AND
TRANSITION PERIODS USED FOR COLLAPSE EVALUATION OF SEISMIC DESIGN CATEGORY D, C, AND B
STRUCTURE ARCHETYPES (FEMA 2009). .....ccieieiiie e ettt sttt e e st ne e e enae e nas 36
TABLE 3-6 SPECTRAL SHAPE FACTOR (SSF) FOR ARCHETYPES DESIGNED USING SDC Dy« (FEMA 2009)..39
TABLE 3-7 QUALITY RATING OF DESIGN REQUIREMENTS (FEMA 2009). .....coovviiiiieinieeenie e 41

TABLE 3-8 QUALITY RATING OF TEST DATA FROM AN EXPERIMENTAL INVESTIGATION PROGRAM (FEMA

701012 TN 41
TABLE 3-9 QUALITY RATING OF INDEX ARCHETYPE MODELS (FEMA 2009)........ccciiiiiieieiisecireieiesie e 42
TABLE 3-10 TOTAL SYSTEM COLLAPSE UNCERTAINTY VALUES (FEMA 2009). ......cooiiiivrcrsecreieeiie s 43
TABLE 3-11 ACCEPTABLE VALUES OF ACMR (ACMR10% AND ACMR 20%) (FEMA 2009). ..........ccuun.... 44
TABLE 4-1 THE PROPERTIES OF CONCRETE FOR THE “CON2” MATERIAL MODEL ......cciveriiiiniiiriniesiieeeeenrennens 48
TABLE 4-2 MATERIAL PROPERTIES OF "ECC" MODEL. ...cuvetiitiriesuieieesiesienetsresiesnesiesieessessesnesnesne s sseessessesnennens 50
TABLE 4-3 MATERIAL PROPERTIES OF THE STEEL IMODEL.....cutiuiiiiiiieieniiire st 51
TABLE 4-4 PROPERTIES OF RC SMF ARCHETYPE BUILDINGS. .....ccccviieiiirerieiesrenieiesre s 53
TABLE 4-5 PERFORMANCE GROUPS FOR EVALUATING RC SIMFS........ccoiiiiiiineiieee e 54

TABLE 5-1 FACTORS USED TO NORMALIZE RECORDED GROUND MOTIONS AND PARAMETERS OF
NORMALIZED GROUND MOTIONS FOR THE FAR-FIELD RECORD SET (FEMA 2009). ......cccvvivviriennn, 57

TABLE 5-2 NONLINEAR STATIC AND NONLINEAR DYNAMIC ANALYSIS RESULTS. ..oivcvuviiiiieiiiiiiiiien e 64

Xiii



TABLEG6-1  ACCEPTABLE VALUES OF ADJUSTED COLLAPSE MARGIN RATIO (ACMR10% AND
ACIMR20%0). ..ottt st ste e ste e testeseeresbeseetesbe e eteabe st eseabe st e s e ebenb e s e e bene e R e e Re s e e R e ebe st e R e e Re et ereereneereeteneereas 66

TABLE 6-2 SUMMARY OF COLLAPSE MARGINS AND COMPARISON TO ACCEPTANCE CRITERIA FOR RC
SPECIAL MOMENT FRAME ARCHETYPES ...uiiitieiitieiieesiitesiesssseesssesssseesssessssessssessssessssessssesssnesssnesssnesnes 67

TABLE 6-3 SUMMARY OF COLLAPSE MARGINS AND COMPARISON TO ACCEPTANCE CRITERIA FOR MX
SPECIAL MOMENT FRAME ARCHETYPES. ....cuvtiieiiiesieesieesieesteesteasesssesssesssesseesseessessssssesssesssesssesnsesnsesnes 68

TABLE 6-4 SUMMARY OF COLLAPSE MARGINS AND COMPARISON TO ACCEPTANCE CRITERIA FOR R/ECC

SPECIAL MOMENT FRAME ARCHETYPES. ..oiiiiiiiitttiiiiee i ieiitbiit e e e s s s sitbtste e s s s s sabbastsessssssasbaatessessssssbaaseesas 69
TABLE 6-5 AVERAGE OVERSTRENGTH RESULTS OF PERFORMANCE GROUPS. ..vvviiiiiiiiiiiiiieeeeessiiinrieseeessssnnnes 70
TABLE 6-6 CALCULATED EFFECTIVE DAMPING VALUES OF FRAMES......ccciiiiiititiiieeeeiiiitiieiessessssiisssessssssssnnnes 12

TABLE 7-1 COMPARISON OF ULTIMATE DISPLACEMENT ,4,, AND PERIOD BASED DUCTILITY ,ut, VALUES. ...... 75

Xiv



List of Symbols

Aqg

a

= gross cross-sectional area of an element

material constant for steel model

element width
= material constant for steel model

= constant which is a function of the building’s natural period (ATC-19,

1995).

deflection amplification factor (Table 12.2-1 of ASCE/SEI 7-05)
= seismic response coefficient (Section 12.8.1.1 of ASCE/SEI 7-05)
= approximate period coefficient (Table 12.8-2 of ASCE/SEI 7-05)
= upper-limit period coefficient (Table 12.8-1 of ASCE/SEI 7-05)
= column depth

= dead load

= Young’s modulus

= gross cross-sectional moment of inertia

= total energy dissipation capacity

= energy loss off frame under cyclic analysis

= maximum strain energy

= short-period site coefficient (Section 11.4.3 of ASCE/SEI 7-05)
= long-period site coefficient (Section 11.4.3 of ASCE/SEI 7-05)
= yield strength of material

= compressive strength of unconfined concrete,

= vyield stress of longitudinal reinforcement

= constant acceleration due to gravity

XV



S1

Scr

Spbs

Sp1

element height

importance factor (Section 11.5.1 of ASCE/SEI 7-05)
horizontal force factor

live load

number of levels (stories) in an index archetype model

material constant for steel model

axial load

the effect of horizontal seismic force from total design base shear, V,
response modification coefficient (Table 12.2-1 of ASCE/SEI 7-05)
period dependent strength factor

period dependent ductility factor

redundancy factor.

spacing of transverse reinforcement in the column hinge region

snow load

mapped MCE, 5-percent damped, spectral response acceleration
parameter at a period of 1 second as defined in Section 11.4.1 of
ASCE/SEI 7-05

median value of collapse level earthquake, 5-percent damped, spectral
response acceleration at the fundamental period, T, of the building

(Site Class D)

design, 5-percent damped, spectral response acceleration parameter at
short periods as defined in Section 11.4.4 of ASCE/SEI 7-05

design, 5-percent damped, spectral response acceleration parameter at a

period of 1 second as defined in Section 11.4.4 of ASCE/SEI 7-05

XVi



Swms

Smt

Sm1

Ss

St

Sa

Sa(T)
SF

the MCE, 5-percent damped, spectral response acceleration parameter at
short periods adjusted for site class effects as defined in Section 11.4.3 of
ASCE/SEI 7-05

MCE, 5-percent damped, spectral response acceleration at the fundamental
period, T, of the building, as defined in Section 11.4.3 of ASCE/SEI 7-05
(Site Class D)

the MCE, 5-percent damped, spectral response acceleration parameter at a
period of 1 second adjusted for site class effects as defined in  Section
11.4.3 of ASCE/SEI 7-05 (Site Class D)

mapped MCE, 5-percent damped, spectral response acceleration
parameter at short periods as defined in Section 11.4.1 of ASCE/SEI 7-
05

median value of normalized record set, 5-percent damped, spectral
response acceleration at the fundamental period, T

spectra acceleration, g
the spectral acceleration at the period, T

record (and component) scale factor required for collapse evaluation of
an individual building

the fundamental period of the building,

the fundamental period of the building determined by eigenvalue
analysis

the approximate fundamental period of the building
short-period transition period of the building
design base shear

elastic base shear

xvii



Vimax = maximum base shear

W = effective seismic weight of the building

z = seismic zone factor

X = parameter (Table 12.8-2 of ASCE/SEI 7 -05)

Spr = design requirements-related collapse uncertainty

o = component of effective damping of the structure
SmpL = modeling-related collapse uncertainty

PrTR = record-to-record collapse uncertainty

S = test data-related collapse uncertainty

fSror = total system collapse uncertainty

&o = first cracking strain

Eip = strain at peak stress in tension

& = tensile strain capacity

Eep = strain at peak stress in compression

Ecu = ultimate strain in compression

Otp = strength in tension

Ocp = strength in compression

Ocr = stress on the compression envelope corresponding &g
0 = roof drift

Ou = ultimate roof displacement

Oy eff = effective roof displacement

Ut = period-based ductility

p = ratio of total area of longitudinal reinforcement

p’ = ratio compressive longitudinal reinforcement of beams
Psh = area ratio of transverse reinforcement in column hinge region

Xviii



Qo

calculated overstrength of an index archetype analysis model

system overstrength factor (Table 12.2-1 of ASCE/SEI 7-05)

damping factor

XiX



List of Abbreviations

ACMR = adjusted collapse margin ratio

ACI = American Concrete Institute

ATC = Applied Technology Council

ASCE = American Society of Civil Engineers

ASTM = American Society for Testing and Materials
BOCA = Building Officials Code Administrators International
CMR = collapse margin ratio

DE = design earthquake

DMs = damages measures

DR = design requirements uncertainty

ECC = Engineered Cementitious Composites

ELF = equivalent lateral force

FEMA = Federal Emergency Management Agency
HPFRC = High-Performance Fiber-Reinforced Concrete
IBC = International Building Code

ICC = International Code Council

ICBO = International Conference of Building Officials
IDA = incremental dynamic analysis

IMs = intensity measures

MAE Center = Mid-America Earthquake Center

MCE = maximum considered earthquake

MDL = model quality uncertainty

MX = mixed design of RC and ECC

NCEER = National Center for Earthquake Engineering Research

XX



NGA = Next generation attenuation

NSF = National Science Foundation

P = perimeter frame system

PEER = Pacific Earthquake Research Center

PG = performance group

PGA = peak ground acceleration

PGV = peak ground velocity

RC = reinforced concrete

RSA = response spectrum analysis

RTR = record-to-record uncertainty

R/ECC = reinforced engineered cementitious composites
S = space frame system

SBCCI = Southern Building Code Congress International
SCWB = strong-column weak-beam

SDC = seismic design category

SEAQC = Structural Engineers Association of California

SMRF = special moment resisting frame

SPFs = seismic performance factors

SSF = spectral shape factor

TD = test data uncertainty

XXi



Chapter 1 Introduction

1.1 Background

In parallel with the technological, social and economic developments, the
requirements for the design and construction of civil structures have changed in many
ways. Researchers and engineers have started to investigate sustainable and innovative
structural materials to meet the increases in social and economic demands. At the same
time, recent earthquakes have demonstrated that, as engineers, we still lack a complete
understanding of the performance of structures when subjected to complex dynamic
loading. Researchers and engineers are now spending more effort to reduce the effects of
earthquake during the service life of structures encouraged by the substantial
improvements in the mechanical and durability performance of construction materials in
the recent years.

Engineered Cementitious Composites (ECC), which is a special type of High-
Performance Fiber-Reinforced Concrete (HPFRC), designed based on micromechanical
principles (Li 1992b, Li and Leung 1992, Li and Wu 1992, Li 1992a) is one of these
materials. ECC has superior damage tolerance and shear resistance, reduced crack widths,
and high energy dissipation compared to conventional concrete (Fukuyama et al. 2000,
Billington and Yoon 2004, Kanda, Watanabe, and Li 1998, Fischer and Li 2002). The
material and component level tests that have demonstrated the advantages of ECC and
other types of HPFRC have not resulted in widespread implementation at the system
level. The main reasons for underutilization of ECC in real life applications are the high
cost and lack of comprehensive seismic design guidelines for such materials. Therefore,

there is a need to derive seismic performance factors (SPFs), namely response



modification (R), system overstrength (€o), and deflection amplification (Cq) factors at
the minimum, for structures utilizing ECC as a construction material.

In order to prevent the loss of lives besides economic losses, code regulations are
considered as essential. In 2004, Federal Emergency Management Agency (FEMA)
started a project with the Applied Technology Council (ATC) to develop a methodology,
which is applicable to all type of structures, for calculating, standardized design
parameters. The new methodology developed by the ATC-63 Project is primarily based
on the “Tentative Provisions for the Development of Seismic Regulations for Buildings,
ATC-3 06” (ATC 1978) and the “Recommended Provisions for Seismic Regulations for
New Buildings and Other Structures, 2003 (FEMA 2003). The developed methodology
has been applied to certain types of structures such as steel, conventional concrete and
timber, to derive or validate seismic design parameters for the code regulations.
However, no such study has been conducted for buildings using HPFRC and thus the
seismic design parameters are still unknown for these special structures.

1.2 Objectives and Scope

ECC are being more and more used in structures, but there are still no established
seismic design parameters of these structures. The main objective of this thesis is to
address this issues by developing seismic design parameters for buildings that use ECC
following the FEMA P695 (FEMA 2009) methodology. Specifically, response
modification (R), system overstrength (€2), and deflection amplification (C,) factors are
derived for special moment resisting frames (SMRF). These frames are called “special”
due to their performance under strong earthquakes. They exhibit large inelastic

displacements without collapse because of well detailed beams, columns and beam-



column connections comparison to the ordinary moment resisting frames. For this
purpose, three building designs were considered in this thesis. The cost of ECC might be
4-5 times of the cost of the conventional concrete depending on the selection of the
mixture materials and fibers. Therefore, to use the material in an innovative and cost
effective manner, in one of the designs, ECC is used only in the plastic hinge regions of
the buildings while RC is used for the rest. These buildings are referred to as MX frames
in the remainder of this thesis. The other two designs use either entirely reinforced ECC

or entirely RC. The MX frame is illustrated in Figure 1-1.
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Figure 1-1 Example four-story MX frame.
1.3 Research Approach
The methodology for the derivation of seismic design parameters progresses
following these steps: gathering the required information on design requirements and
materials, development of analytical models, analysis of models and evaluation of the

data from incremental dynamic analysis. Based on the FEMA P695 (FEMA 2009)



methodology, data for design of the models were collected from the seismic design codes
and standards and also material properties were determined for concrete, steel and ECC.
The archetypes were modeled as R/ECC, RC and MX frames. The frames were analyzed
using both nonlinear static and dynamic analysis for collapse performance. Finally, the
collapse results of models were assessed to obtain the seismic design parameters.

1.4 Content and Organization

This thesis is divided into chapters, and organized as follows:

Chapter 2 covers the literature review of studies on seismic design parameters and
beam-column joints for both reinforced ECC (R/ECC) and reinforced concrete structures
(RC).

Chapter 3 provides a detailed description of FEMA P695 methodology since it is
essential to the work performed here.

Chapter 4 describes the archetype development procedure which includes materials,
loads, and frame types and configurations.

Chapter 5 presents the results from the nonlinear analysis of archetypes for the
collapse assessment procedure.

Chapter 6 evaluates the results from Chapter 5 and derives the seismic design
parameters based on FEMA P695 performance evaluation criteria.

Chapter 7 provides conclusions, limitations, and suggestions for future research.

Appendix-A provides the nonlinear static analysis results.



Chapter 2 Literature Review

2.1 Introduction

The collapse limits for structures are one of the key parameters in derivation of
seismic design parameters. In parallel with the developments in seismic design provisions
for structural systems designed with different type of materials, understanding the effects
of seismic design parameters on the collapse behavior started to attract more attention
from the research community. Previous studies show that beam column joints are crucial
parts of RC moment resisting frames due to their influence on the collapse behavior
(Leon 1990, Walker 2001, Altoontash and Deierlein 2004). In this study the behavior of
R/ECC and MX buildings, both of which use ECC material in the shear panel zone and
plastic hinges, are investigated. Therefore, in the absence of prior studies on derivation of
seismic design parameters for building using HPFRC, the literature review in this thesis
mainly focuses on the behavior of beam-column joints in RC structures.
2.2 Previous Studies on Beam Column Joints

Beam-column joints are an integral part of moment resisting frames whose key
behavior features such as energy dissipation capacity determines the overall structural
performance (Park and Ruitong 1988, Shiohara 2004, Somma, 2011). In ACI 352-R02
(2002) joints are defined as “portion of the column within the depth of the deepest beam
that frames into the column.” Their functional requirement is to enable the adjoining
members to develop and sustain their ultimate capacity under seismic loads (Kavitha and
Damodarasamy 2009). Figure 2-1 is a general visualization of beam-column joints for

reinforced concrete structures.
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Figure 2-1 Typical beam-to-column connections (ACI 2002).

2.2.1 Experimental Studies on Reinforced Concrete Beam Column Joints

Due to their complex geometry and variability in material properties, there are several
factors which are influential on the behavior of RC beam-column joints. A large number
of studies investigated the joint behavior either experimentally or analytically. Regarding
the prior experimental work, researchers first investigated main parameters such as the
joint shear behavior, joint core confinement, concrete compressive strength, bond
resistance and axial load level which control the joint response and concluded that the
overall joint performance is affected by the shear forces from the beams and columns and
also from the flexural behavior of the adjoining members. While horizontal shear
resistance is provided by the transverse reinforcement, the vertical shear resistance is

provided by the longitudinal reinforcement.



One of the first experimental studies conducted by Higashi and Ohwada (1969)
concluded that joint shear demand is an important parameter to define the failure mode.
Meinheit and Jirsa (1977) also concluded that joint shear strength has a significant
influence on the joint behavior and increases with increasing area of column longitudinal
reinforcement. Confinement of the joint core was found to be the second most influential
parameter. Durrani and Wight (1982) who conducted an experimental program
concluded that increasing the amount of hoop steel reinforcement in the joint region
lowers the joint shear stress demand and prevents the brittle joint failure by providing
more ductility. Two years later Otani et al. (1984) reached the same conclusion.
Similarly, the study of Noguchi and Kashiwazaki (1992) showed that confinement plays
an important role on ductility, especially after large deformations . Kaku and Asakusa
(1991) also observed that the ductility of the specimens increased with increasing joint
hoop reinforcement.

Concrete compressive strength is a factor that contributes to the bond resistance and
shear strength of the joint. Endoh et al. (1991) concluded that the reduced concrete
compressive strength decreases the shear strength. Oka and Shiohara (1992) also obtained
similar results and formulated a relationship between compressive strength and joint
shear capacity. There are regulations provided in ACI 352R-02 (2002) for minimum and
maximum reinforcement ratio and spacing of transverse reinforcement to provide enough
ductility under earthquake loads. Bond resistance is another important factor for beam
column joint response under earthquake loading. If the bond resistance is weak then
strength deterioration should be expected, which might result in the slippage of the

longitudinal reinforcement from the joint region. The bond resistance of rebar in joints is



also function of the development length, and shear resistance and confinement of the joint
region. The stronger the bond between concrete and reinforcement, the more the energy
dissipation is. It was also shown by Brooke et al. (2004) that the bond performance
increases with increasing vertical reinforcement in the joint region, and the design drift
limit is related to the bond resistance. Kaku and Asakusa (1991) examined the effect of
axial load level and they observed that the joint shear strength increases with increasing
axial load. Furthermore, they concluded that the axial load increases the ductility of the
members and the energy dissipation capacity. Meinheit and Jirsa (1977) concluded that
the column axial load influences the shear cracking stress and the inclination of the shear
cracks in the joint region. Park and Ruitong (1988) tested four interior joints and
concluded that if the column interior bars transmit the shear force through the joint region
then low axial load ratio should be expected. The test results of Clyde et al. (2000)
showed that the increasing axial load level increases the joint shear strength and energy
dissipation.  Earlier experimental studies concur on the effects of transverse
reinforcement and axial load, and emphasize the complexity of load transfer mechanisms
in the joints.
2.2.2 Experimental Studies on ECC Beam Column Joints

Since the introduction of HPFRC, numbers of experimental studies were conducted
on the use of HPFRC in beam-column joints. Experimental studies proved that the use of
HPFRC, either at the plastic hinge region or at the beam-column joint region improves
the performance of the structure under earthquake loads. One of the earliest test program
conducted by Henager (1977) on investigation of the beam-column joint regions

constructed with steel fiber reinforced concrete. After testing two exterior beam-column



joints with and without steel fibers under reverse cyclic loading; the test for specimen
constructed with steel fibers resulted higher energy dissipation, higher damage tolerance
and less strength deterioration. The study of Filiatrault et al. (1994) showed that depend
on the volume of fibers used in beam-column joint region influence the final behavior of
the structure. The specimens with steel fibers increased the shear resistance and the
failure mode was changed from joint shear failure to beam plastic hinge failure besides
increasing energy dissipation and ductility. One year later, they also tested three interior
beam-column joints to investigate the effect of steel fiber. The specimen with steel fiber
performed well and resulted with higher shear strength, higher energy dissipation and
adequate ductility (Filiatrault, Pineau, and Houde 1995). Test program of Katzensteiner et
al. (1992) was on investigation of using high performance materials at in the joint region
of two-bay two story frame. They used steel fibers in the joint regions. The frame with
the high performance material performed well and resulted around 1.4 times more energy
dissipation. In the same year, Jiuru et al. (1992) test program with both interior and
exterior beam-column joints resulted in favor of HPFRC. The specimens with steel fibers
improved the joint shear strength and reduced the bar slippage. In 2000, Parra-
Montesinos and Wight (2000) investigated result of replacement of joint transverse
reinforcement with ECC in exterior joints. The specimen with ECC performed well under
loads. Both better shear response and reduced crack width with less damage observed
after the test program. Another test program conducted by Gebman (2001) on beam-
column joints resulted that the energy dissipation capacity of specimens with high
performance materials was 1.0 to 3.0 times higher than the conventional concrete joints,

and damage tolerance improved besides higher load carrying capacity. Fisher and Li



(2002) found that the energy dissipation capacity of steel reinforced ECC members are
significantly higher compared to that of conventional concrete members. Additionally,
the study of Billington and Yoon (2004) on precast concrete bridge pier systems
concluded that the use of ductile fiber-reinforced cementitious composites (DFRCC) at
the plastic hinge regions of columns increases the energy dissipation capacity. Moreover,
spalling of cover concrete was not observed for DFRCC even at large displacements.
Canbolat et al. (2005) investigated the use of high-performance fiber-reinforced
cementitious composites (HPFRCC) in coupling beams with a simplified reinforcement
detailing. Major conclusions from that study were that HPFRCC specimens exhibited
higher shear stress and stiffness retention, superior damage tolerance under large
displacements and same seismic performance with a simplified reinforcement detailing.
Shannag et al. (2005) Beam-column joint test used high performance steel fiber
reinforced concrete at the beam-column joint regions. The results indicated that use of
steel fiber concrete yields higher ductility and joint strength, three times more load
carrying capacity, and 20 times more energy dissipation. Pan and Yuan (2013)
investigated the seismic behavior of ECC and concrete composite beam-column joints
under reversed cyclic loading. Observations were in agreement with those of other
researchers that “the composite beam-column joints showed higher load capacity,
ductility and energy dissipation when compared with RC beam-column joint specimen.”
In the light of these findings, the idea of substituting conventional concrete with ECC in
beam column joint regions can significantly increase the seismic performance of

structures under earthquake loads.
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2.2.3 Analytical Studies

In parallel with experimental studies on beam column joints, researchers also
performed analytical modeling of beam-column joints to predict the effects of different
parameters and overall of response of structures. Giberson (1969) develop a one
component frame model which consists of a beam element with two nonlinear rotational
springs attached to the end of the member as shown in Figure 2-2. This model was not
able to capture the actual moment rotation behavior of the element by using predefined
moment values. A more developed version of this model was proposed by Otani (1974)
as a two component frame model with two parallel line elements and two rigid line
elements shown in Figure 2-3. The joint panel was assumed fully rigid and the rotational
springs were representing the member end rotation out of joint core. The shear

deformations were neglected.
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Figure 2-2 Giberson one-component model (Giberson 1969).
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Figure 2-3 Otani two-component model (Otani 1974).
Later on, Anderson and Townsend (1977) improved the two component frame model
by Otani (1974) by adding the joint shear deformation effect. Another model was

developed by EI-Metwally and Chen (1988) by putting a zero length rotational spring at
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the beam-column joint region. They were able to capture the initial stiffness, maximum
moment carrying capacity and energy dissipation; however, strength and stiffness
deterioration could be predicted well with this model. Definition of the panel zone is one
of the main challenges of beam-column joint modeling. Alath and Kunnath (1995)
proposed a model called the “panel zone model” by adding rigid link elements to the end
of the members with one inelastic rotational spring as shown in Figure 2-4. While this
model was capable of representing the shear behavior of the panel zone using an
empirical relationship, the bar slips behavior of the members was not considered. Four
years later, Biddah and Ghobarah (1999) proposed a model considering the bar slip

behavior by adding one more spring to the joint model.
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Figure 2-4 Panel zone model of Alath and Kunnah (1995).

A more complex model was proposed by Elmorsi et al. (2000) using a joint panel
region element and transition elements, representing the beam-column plastic hinge
region. The joint element was connected to transition element and transition element was
connected to elastic line elements representing the beams and the columns. This model
was capable of modeling behavior of concrete and reinforcing bars, in addition to the

interaction between the two. The details of this model are shown in Figure 2-5.
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Figure 2-5 Beam-column joint model of Elmorsi et al. (2000).
The joint model by consisted of two diagonal translational springs in the joint panel zone
for the shear behavior and 12 additional springs for bond slip and concrete crushing. The

model proposed by Youssef and Ghobarah (2001) is shown in Figure 2-6.
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Figure 2-6 Beam-column joint model of Youssef and Ghobarah (2001).
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Lowes and Altoontash (2003) developed a joint model consisting of eight bar slip springs
and four interface shear springs connecting the beam and column elements to the shear
panel zone and one additional spring for the characterization of the shear panel behavior.
Figure 2-7 shows the idealization of their proposed model. Similarly, Altoontash and
Deierlein (2004) proposed a joint model with inelastic rotational springs connected with
multipoint constraints. The behavior of the joint was represented by these four rotational
springs located at the beam column ends and at the center of the panel zone as shown in
Figure 2-8. The joint model proposed by Shin and LaFave (2004) on the other hand
consists of four rigid elements for the panel zone region connected with hinges, three
rotational springs located at one of the corners of the joint panel, one rotational spring for
the bond slip behavior connected series with another spring for plastic hinge region.

Figure 2-9 shows the idealization of this model.
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Figure 2-7 Beam-column joint element of Lowes and Altoontash (2003).

14



Multipoint
Constraint

element spring3 ¥ PSpring 1 element

»_.

Central node

Node 4 Y Spring 4 :
Central spring

Frame
element

Figure 2-8 Beam-column joint model (Altoontash and Deierlein 2004).
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Figure 2-9 Beam-column joint model (Shin and LaFave 2004).

2.3 Previous Studies on Seismic Design Parameters

According to FEMA P695 (FEMA 2009), SPFs include response modification factor
(R), system overstrength factor (€o), and deflection amplification factor (Cq). For a better
understanding of these parameters, the R factor, which is the primary parameter for
seismic design, needs to be explained. Before code regulations and standards on seismic
performance factors, R factors were decided based on experiences and observations of
known structures (FEMA 2009). It is defined in ATC-19 (ATC 2009) that “the concept of

a response modification factor was proposed based on the premise that well-detailed
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seismic framing systems could sustain large inelastic deformations without collapse
(ductile behavior) and develop lateral strength in excess of their design strength (often
termed reserve strength).” It is also explained that “R factors were intended to reflect
reductions in design force values that were justified on the basis of risk assessment,
economics and nonlinear behavior (ATC 1978).”

In 1952, the American Society of Civil Engineers (ASCE) published “Lateral Forces
of Earthquake and Wind,” which is today part of ASCE 7-10 (ASCE 2013) , “Minimum
Design Loads for Buildings and Other Structures.” Structural Engineers Association of
California (SEAOC) appointed a new seismology committee in 1957 to develop a
uniform and acceptable building code for structural engineers throughout California. In
December, 1959 their work was published as the SEAOC Bluebook (SEAOC 1959). In
this book, the equation for base shear V was expressed as

V = KCW, (2-1)
where K is the horizontal force factor, which depends on the building type, W is the total
dead load, and C is a constant, which is a function of the building’s natural period (ATC
19, 1995).

In 1961, Uniform Building Code (IBC 1961), which adopted Bluebook (SEAOC
1959), suggested a Z factor which is also called seismic zone factor for different seismic
zones, turning Equation (2-2) for design base shear V into

V=ZKCW. (2-2)
The publishing of the “Tentative Provisions for the Development of Seismic Regulations
for Buildings ATC-3-06” (ATC 1978) was the turning point for structural engineers with

substantial improvements on seismic design regulations when compared to earlier code
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regulations. In this report, the R factor started to be used in along with the horizontal
force factor (K), which was the starting point for the response modification factor. The
relationship between the K factor and the R factor was based on judgments and
experience of committee members of ATC 3-06 and there was no experimental evidence
except for the observations from past earthquakes. It was determined that

51 (2-3)
R=—

The next step was the ATC-19 project funded by the National Science Foundation (NSF)
and the National Center for Earthquake Engineering Research (NCEER). A report was
published in 1995, which includes the new equation for the R factor (ATC 1995). The
strength, ductility and redundancy were the key parameters for calculating the R factor

R = Rs.R,. Ry, (2-4)
where Rs is the period dependent strength factor, R, is the period dependent ductility
factor, and Rg is the redundancy factor.

These developments and changes of the R factor and its relationship to the K factor
continued until the publishing of the 2000 edition of the International Building Code
(IBC 2000) by International Code Council (ICC), which was a result of the collective
study by International Conference of Building Officials (ICBO), Building Officials Code
Administrators International (BOCA), and Southern Building Code Congress
International (SBCCI). Later on, seismic design guidelines were updated and published in
IBC 2000 (2000), IBC 2003 (2003), IBC 2006 (2006) and IBC 2009 (2009). Today
ASCE 7-10 is mainly used as a reference for seismic design by structural engineers.

For a structure designed with the current code regulations, the actual strength will be

higher than the structure’ design strength. This behavior is called the overstrength. The
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overstrength is defined as “... a parameter used to quantify the difference between the
required and the actual strength of a material” and “overstrength factor” is the ratio
between actual strength and required strength (Elnashai and Di Sarno 2008). For a
structure, the differences between actual and design material strengths, confinement
effect, code conservativeness, oversized members, load combinations, serviceability limit
state provisions and contribution of nonstructural elements may cause overstrength
(Elnashai and Di Sarno 2008). In addition, neglecting of certain elements such as slab
systems and compression braces during design may cause overstrength. Some researchers
studied the overstrength factors and their influence on the frame systems during an
earthquake. Starting with the study of Freeman et al. (1982), Osteraas and Krawinkler
(1990), Uang (1991), Uang and Maarouf (1994), and Elnashai and Mwafy (2002) studied
the effect of overstrength factor for structures. In FEMA P695 (FEMA 2009) the equation

for overstrength (€,) is expressed as

Q, ==, (2-5)

where Q is the overstrength factor, Ve is the maximum strength and V is the design base
shear. The overstrength factor is calculated based on the results of a nonlinear static
(pushover) analysis, and there is a difference between calculated and code based
overstrength factor defined in Table 12.2-1 of ASCE/SEI 7-05 (2006). It is obvious that if
the design method changes for a system, the overstrength parameter will also change.
Therefore, FEMA P695 the methodology aims to find one overstrength factor that is most
appropriate for use in design of a given system (FEMA 2009).

In order to find the total lateral displacement from the elastic displacement, the

deflection amplification factor (Cq), which is the third seismic design parameter of the
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FEMA P695 (FEMA 2009) methodology needs to be considered. In addition, the
deflection amplification factor is used to determine the story drifts for serviceability, to
estimate the minimum building separation which may cause pounding, to check the
deformation capacity of critical structural members, to account for P-A effects, for and
detailing of nonstructural members (Uang 1991). ASCE 7-05 (2006) and the NEHRP
Provisions (FEMA 2003) define the deflection amplification factors as

6 (2-6)
=R

Ca

In the International Building Code (IBC 2009) and Table 12.2-1 of ASCE/SEI 7-05
(2006), there are guidelines for the selection of deflection amplification factors. The
FEMA P695 (FEMA 2009) methodology aims to develop a standard calculation method
for the deflection amplification factor for all types of structures.

During the period of the development seismic performance factors, the complexity
and number of frame systems have increased. In 2004, FEMA started to a project with
ATC to develop a methodology, which is applicable to all type of structures for
calculating standardized seismic design parameters. This new methodology developed by
the ATC-63 project, known as FEMA P695 (FEMA 2009), was based primarily on the
previous methods for seismic design and mostly inspired and covered in the “Tentative
Provisions for the Development of Seismic Regulations for Buildings, ATC-3 06” (ATC
1978) and the “Recommended Provisions for Seismic Regulations for New Buildings and
Other Structures, 2003” (FEMA 2003). The ATC 63 project members carefully studied
previous methods, codes and standards and determined a method for derivation of

seismic performance factors (SPFs). They also studied the collapse simulation and

nonlinear response of structures evaluated based on incremental dynamic analysis method
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(FEMA 2009). The FEMA P695 methodology not only applies directly to new building
structures but also conceptually to non-building structures with some limitations (FEMA
2009). Detailed explanation of the FEMA P695 (FEMA 2009) methodology on

derivation of seismic design parameters is provided in the following chapter.
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Chapter 3 A Review of the FEMA P695 Methodology

3.1 Introduction

The FEMA P695 methodology is a set of calculations to obtain (SPFs) by means of a
collapse risk assessment procedure through nonlinear analysis of the systems under
consideration. The core of the FEMA P695 methodology is the assessment of the collapse
behavior of archetype buildings representing different force resisting systems. To get the
collapse behavior of every archetype, nonlinear static and nonlinear dynamic analyses are
performed on the models with a set of ground motions scaled up to increasing levels of
intensity. The methodology considers both partial and total system collapse. However, it
does not account for the local failure of nonstructural members or failure of components
that are not a part of the seismic force resisting system. Figure 3-1shows the main
elements of the FEMA P695 methodology which are discussed in this chapter. The key
elements include collection of test data on materials to define the strength, stiffness and
ductility of material and members, collection of design information, calculations of
seismic design parameters steps after the nonlinear analyses are completed, and

conclusions on the suitability of designs after the evaluation process.
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Figure 3-1 Key elements of the FEMA P695 methodology (FEMA 2009).

Well-designed systems and a proper set of maximum considered earthquake (MCE)

ground motions are required by the methodology to define the collapse behavior. The
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design requirements for the models and the test data for the elements of the structural
system are important for the model development. The methodology aims to generalize
the analysis methods and the selection of ground motions for most of the structural types
for the calculation of SPFs. The methodology uses the NEHRP Provisions (FEMA 2003)
and ASCE 7-05 (ASCE 2006) as a guideline for the seismic design of structures and also
applies new techniques whenever needed. The methodology sets a low probability for
collapse under MCE ground motions to fulfill the life safety objective. It is stated in
FEMA P695 (FEMA 2009) that “... rather than attempting to quantify uniform protection
of life safety, the Methodology provides approximate uniform protection against the
collapse of the structural system” due to difficulties in calculating the risk of loss of life.
Safety is defined in terms of collapse margin ratio. Figure 3-2 shows the steps of the

derivation process for SPFs.
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Figure 3-2 Process for quantitatively establishing and documenting SPFs based on FEMA
P695 (FEMA 2009)
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The steps for the derivation of SPFs:

» Design the archetype seismic force resisting systems for different seismic
design categories by changing the bay width, height and the number of
stories.

» Collect experimental and analytical data for the development of the
analytical models of the archetypes.

» Calculate the overstrength factor and ductility of the system by subjecting
every model to nonlinear static pushover analysis.

» Perform nonlinear dynamic analysis for every building model to determine
the collapse margin ratio (CMR) and median collapse intensity (S..).
Selected 22 pair of ground motions is scaled up incrementally to define the
collapse level of the archetypes. Incremental Dynamic Analysis (IDA)
(Vamvatsikos and Cornell 2002) method is used at this step.

» Define the collapse margin ratio (CMR) for each archetype. CMR is the
ratio of the median collapse intensity to the maximum considered
earthquake (MCE) intensity.

» Calculate the Adjusted Collapse Margin Ratio (ACMR) to account for the
spectral shape effects and incorporate the total system collapse uncertainty
(Bror) for comparison against the acceptance criteria.

» If the results meet the minimum design criteria then initial SPFs are
assumed correctly. If not, start over with new design parameters and

iterate until the minimum criteria are met.
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3.2 System Information

The derivation process is based on the nonlinear analysis of the models under
predefined earthquake ground motions and evaluation of the collapse behavior of the
system. For this reason system information is very important to simulate the correct
behavior of the archetypes and obtain reliable seismic design parameters. System
information stage includes design requirements based on the codes and standards, limits
for the strengths and applications, model configurations, material types and properties,
strength and stiffness requirements etc. Experimental test data to validate the properties
of the material types and calibration of the nonlinear analysis model are also key points at
this stage. After gathering all the information, definition of the acceptable collapse
margin ratio concludes the system information stage. The stages for system information

are shown in Figure 3-3.
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Figure 3-3 Process for obtaining required system information (FEMA 2009)

Once all the system information is gathered, the methodology evaluates the quality of the
data and assigns specific quality ratings to the system and experimental test data. Less

uncertainty in the design information and experimental data leads to more reliable
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seismic design parameters at the end. The quality of the total system collapse uncertainty
is related to four parameters: Record-to-Record uncertainty (RTR), Design Requirements
Uncertainty (DR), Test Data Uncertainty (TD), and model quality uncertainty (MDL),
which are addressed in Section 3.6.3.
3.3 Archetype Development

According to the FEMA P695 methodology, an archetype model is a prototypical
representation of a seismic-force-resisting system. These models are intended to represent
the behavior of the actual structural system. One of the advantages of archetype models is
providing a finite number of trial designs depending on the intended application. In other
words, these models are idealizations of the archetype configuration for simulating the
behavior of the proposed seismic force resisting systems. The methodology considers
them as a connection between the collapse performance evaluation of a single system and
the generalized predictions of the behavior for an entire class of buildings (FEMA 2009).

Figure 3-4 shows the steps for archetype development.

[ cwnReredmoman |

Consider Configuration Issues and Behavioral Effects
Rz
Develop Index Archetype Configuration

AV4

Define Archetype Design Space

NZ
Identify Performance Groups

Figure 3-4 Process for development of structural system archetypes (FEMA 2009).
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To obtain the collapse performance of structures, the steps need to be clearly defined for
archetype development. Index archetype configuration defines the main features and
behavior of the seismic force resisting system with a set of building configurations.
Detailed information for configuration design variables and related physical properties is
given in Table 3-1.

Table 3-1 Configuration design variables and related physical properties (FEMA 2009).

Design Variable Related Physical Properties

« Typical framing layout

« Distribution of seismic-force-resisting system components
+ Gravity load intensity

» Component overstrength

Occupancy and Use

+ Distribution of seismic-force-resisting components

 Typical framing layout

+ Permitted vertical (strength and stiffness) irregularities

« Beam spans, number of framing bays, system regularity

« Wall length, aspect ratio, plan geometry, wall coupling
 Braced bay size, number of braced bays, bracing configuration
+ Diaphragm proportions, strength, and stiffness (or flexibility)
« Ratio of seismic mass to seismic-force-resisting components

+ Ratio of tributary gravity load to seismic load

Elevation and Plan
Configuration

» Story heights

Building Height « Number of stories

+ Moment frame connection types

Structural - Bracing component types
Component « Shear wall sheathing and fastener types
Type « Isolator properties and types

o _ + Design ground motion intensity
Seismic Design « Special design/detailing requirements
Category « Application limits

+ Gravity load intensity

* Typical framing layout

Gravity Load « Ratio of tributary gravity load to seismic load
» Component overstrength
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Archetype design space represents the overall range of accepted configurations,
limitations on the seismic force resisting systems and structural design parameters.
Performance groups are for assessment the final behavior of the models in a certain
group that shares common features and behavior. The models are evaluated not only
individually, but also in groups to obtain their collapse behavior. The groups are formed
depending on the structural configurations such as bracing systems, framing spans, story
heights and shear wall aspect ratios. Gravity load level is also another factor for the
performance groups. While, perimeter and space frames are important for moment
frames, bearing walls and non-bearing walls are important for wall systems to distribute
the gravity loads (FEMA 2009). Performance groups should also be designed for both
maximum and minimum spectral accelerations of a certain seismic design category. As
an example, analysis for Seismic Design Category D must cover both SDC Dpax and SDC
Dnmin Which refer the maximum and minimum spectral intensities of given category, for
assessing the collapse performance of the system. Period domain should also be
considered for categorizing the archetype models into performance groups. Variation of
fundamental period (T) should be well represented from short period to long period in the
index archetype configurations. Index archetype designs reflect the specific structural
designs developed for each configuration. The archetype development process concludes
with the definition of the fifth and last term called “index archetype models.” These are
the computer models for nonlinear analysis of the structures to evaluate the collapse

performance under seismic loads.
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3.4 Seismic Design Method

The methodology follows the equivalent lateral force (ELF) method defined in
ASCE/SEI 7-05 section 12.8 (ASCE 2006) with some exceptions as expressed below.

» If the ELF method is not permitted by ASCE/SEI 7-05 then the response spectrum

analysis (RSA) is used.

> If both ELF method and RSA are not permitted by ASCE/SEI 7-05 then RSA

method should be used.

» If other methods are commonly used instead of ELF method then RSA method

should be used.

Defining SDC is one of the most important steps of the ELF method. The seismic
design category is “a classification assigned to a structure based on its occupancy and the
severity of the design earthquake ground motion at the site (IBC 2000, ASCE 2006).”
While the ASCE/SEI 7-05 defines SDC in terms of five different categories from SDC
(A) to SDC (E), the FEMA P695 methodology considers and can be applied to only SDC
B, C and D. Because, SDC A structures are not subjected to seismic design and SDC E
structures are located MCE ground motion regions. Moreover, the occupancy category
which gives information about the end use of structure should be decided before the
seismic design. The FEMA P695 methodology assumes that all structures are in
occupancy category | and Il. For seismic design of the structural system, Design
Earthquake (DE) demand is defined in ASCE/SEI 7-05 as two-thirds of MCE demand.
Although, the determination of the MCE differs depending on the seismicity region, “the
MCE ground motions are uniformly defined as the maximum level of earthquake ground

shaking that is considered as reasonable to design normal structures to resist
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(Leyendecker et al., 2000).” First, the structures which were designed considering DE as
the seismic criteria, then their collapse behavior are assessed according to the MCE
seismic design criteria (FEMA 2009). Design procedure starts with the definition of the
MCE and then continues with the selection of ground motion response spectral
acceleration values for short-period (0.2 second) spectral acceleration, Ss, and 1.0 second
spectral acceleration, S;. Additionally, site coefficients, F, and F, are selected. Maximum
and minimum spectral acceleration values, design parameters for B, C and D categories,
and site coefficient values are given in Table 3-2 and Table 3-3.

Table 3-2 Summary of Mapped Values of Short-Period Spectral Acceleration, Ss, Site

Coefficients, F,, and Design Parameters for Seismic Design Categories B, C,
and D, Sys and Sps (FEMA 2009).

Seismic Design Category Maximum Considered Earthquake

1.50 1.00 1.50 1.00

C D 0.55 1.36 0.75 0.50
B C 0.33 1.53 0.50 0.33
B 0.156 1.60 0.25 0.167

Table 3-3 Summary of Mapped Values of 1-Second Spectral Acceleration, S;, Site

Coefficients, F,, and Design Parameters for Seismic Design Categories B,
C, and D, Swz and Sp; (FEMA 2009).

Maximum Considered Earthquake

Seismic Design Category

0.60 1.50 0.90 0.60

C D 0.132 2.28 0.30 0.20
B C 0.083 2.40 0.20 0.133
B 0.042 2.40 0.10 0.067

The transition period (Ts) is defined in the methodology as “the boundary between the

region of constant acceleration and the region of constant-velocity of the design (or
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MCE) response spectrum” and it is used for the evaluation of short period archetypes
(FEMA 2009). The transition period (Ts) is given by

T, = 302 = S (3-1)

Sps  Swms’
where the values are given in the above tables.

Determination of the effective seismic weight of structure (W) is the next step of the
design procedure. W is calculated based on Section 12.7.2 of ASCE/SEI 7-05 (ASCE
2006), which takes the total dead load of the structure and a minimum of 25% of the
reduced floor live load. The methodology uses the ELF method and the design base shear
(V) is required for defining the applied forces. The design base shear is

V=CWw, (3-2)
where C; is the seismic coefficient.

If T< T then the seismic coefficient is

Cs = Sps (3-3)

=2,

where R is the trial value of the response modification factor selected for the system
design and analysis. If T > T, then the seismic coefficient is

Cs =25 > 0.44Sps, (3-4)

where T is the fundamental period of the structure calculated based on Section 12.8.2.1 of

ASCE 7-05 (ASCE 2006) as

T =C,T, = C,Cihy = 0.25 seconds. (3-5)

The values of the coefficients Cy, C;, and x are found from Table 12.8-1 and Table

12.8-2 of ASCE/SEI 7-05 (ASCE 2006), and h, is the height of the building. The

importance factor (1) is taken 1.0 for occupancy categories | and Il and used in the above
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Equations (3-3) and Equation (3-4). Finally, the seismic load combinations are given by

the FEMA P695 methodology and Section 12.4 of ASCE 7-05 (ASCE 2006) as follows:

(1.2 4+ 0.2Sp)D + Qg + L, (3-6)
(0.9 — 0.25p5)D + Qp, (3-7)

(1.2 4+ 0.25p5)D + QyQ% + L, and (3-8)
(0.9 — 0.25p5)D + Q0 (3-9)

where D and L represent the dead and live load, respectively, and Qg is for the effect of
horizontal seismic-force resulting from the base shear.
3.5 Nonlinear Analysis

The methodology requires both nonlinear static (pushover) and dynamic (response
history) analyses of all models to obtain required data for determination of the collapse
capacity. The analysis procedure starts with the pushover analysis which also helps with
the validation of the model and finishes with the dynamic analysis. The load combination
equation of the gravity loads for nonlinear analysis is

1.05D + 0.25L. (3-10)
3.5.1 Nonlinear Static Analysis (Pushover)

One of the main purposes of the pushover analysis is to obtain overstrength (£2o) and
period based ductility (ur) of the archetype building. Once the system reaches a loss of
20% of the maximum base shear then analysis stops (FEMA 2009). The procedure for the
pushover analysis is explained in Section 3.3.3 of ASCE/SEI 41-06 (ASCE 2007). The
FEMA P695 methodology defines an idealized curve for base shear versus roof

displacement as shown in Figure 3-5. Vimax and V represent the maximum and design base
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shear, respectively, the ultimate displacement, (3,), and effective roof drift displacement

(3y.efr) are also shown in the Figure 3-5.

-

Base Shear 4

Roof Displacement

Figure 3-5 ldealized nonlinear static pushover curve.

ou Is the ultimate roof drift, defined as the point where 0.8V is satisfied and dy e IS the

effective yield roof drift displacement (dyeff) given by

8yerr = Co 2oz [-L| (max(T, Ty))?, (3-11)
where T is fundamental period calculated from equation (3-5), T is the period of the first
mode obtained from eigenvalue analysis, g is the gravitational constant gravity, and C, is
the coefficient calculated from Equation C3-4 of ASCE 41-06 (ASCE 2007).

The methodology outlines the information collected from nonlinear static (pushover)
and eigenvalue analyses of each index archetype model as
» Fundamental period of vibration, T, model period of vibration, T;, and design base
shear, V
> Distribution of lateral (pushover) loads
> Plot of base shear versus roof drift
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» Lateral strength, Vmax, and static overstrength factor Qp = Viyax/V

> The effective yield, Jy e, and ultimate roof ¢, displacements, and the period based

ductility, pr

» Story drift ratios at the design base shear, the maximum load Vpax, and0.8Vmax
3.5.2 Nonlinear Dynamic Analysis (IDA)

Nonlinear dynamic analysis is used to define collapse margin ratios of each
archetype. All archetype model responses are evaluated after being subjected to sets of
predefined ground motions. The methodology calls the record sets as “Far-Field” and
“Near-Field” depending on ground motion record sites distance to fault rapture which is
defined as average of Campbell and Joyner-Boore fault distance. The Far-Field record set
includes 22 pairs of ground motion records which are recorded greater than or equal to 10
km from the fault rapture. On the other hand, the Near-Field record set includes 28 pairs
of ground motion records which are recorded at distances less than 10 km from the fault
rapture. In this study Far-Field record set is used for analysis of the models for evaluation
of collapse behavior due to the unresolved issues on characterization of near fault hazard
and ground motion effects. FEMA P695 provides the record sets that were carefully
selected from the Pacific Earthquake Engineering Research Center (PEER) Next-
Generation Attenuation (NGA) database (PEER 2006). The record sets meet certain
requirements such as consistency with the codes, including a large number of records
selections independent of the structural type, very strong ground motions and no special
site effects. The list of Far-Field records is given in Table 3-4 and further background

information can be found in FEMA P695 (FEMA 2009).
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Table 3-4 Summary of Earthquake Event and Recording Station Data for the Far Field

Record Set (FEMA 2009).

ID Earthquake Recording Station

No. | M Year | Name Name Owner
1 6.7 1994 | Northridge Beverly Hills - Mulhol UsC

2 6.7 1994 | Northridge Canyon Country-WLC USC

3 7.1 1999 | Duzce, Turkey Bolu ERD

4 7.1 1999 | Hector Mine Hector SCSN
5 6.5 1779 | Imperial Valley Delta UNAMUCSD
6 6.5 1979 | Imperial Valley El Centro Array #11 USGS
7 6.9 1995 | Kobe, Japan Nishi-Akashi CUE

8 6.9 1995 | Kobe, Japan Shin-Osaka CUE

9 7.5 1999 Kocaeli, Turkey Duzce ERD
10 7.5 1999 | Kocaeli, Turkey Arcelik KOERI
11 7.3 1992 | Landers Yermo Fire Station CDMG
12 7.3 1992 | Landers Coolwater SCE
13 6.9 1989 | Loma Prieta Capitola CDMG
14 6.9 1989 | Loma Prieta Gilroy Array #3 CDMG
15 7.4 1990 | Manijil, Iran Abbar BHRC
16 6.5 1987 | Superstition Hills El Centro Imp. Co. CDMG
17 6.5 1987 | Superstition Hills Poe Road (temp) USGS
18 7.0 1992 | Cape Mendocino Rio Dell Overpass CDMG
19 7.6 1999 | Chi-Chi, Taiwan CHY101 CWB
20 7.6 1999 | Chi-Chi, Taiwan TCUO045 CcwB
21 6.6 1971 | San Fernando LA - Hollywood Sto CDMG
22 6.5 1976 Friuli, Italy Tolmezzo | —===-——--

The methodology uses IDA (Vamvatsikos and Cornell 2002) which is a technique to
obtain the seismic demand and capacity of the structure after application of scaled ground
motions with increasing intensity. IDA uses two limit states to define the collapse
behavior: Intensity Measures (IMs) and representative Damage Measures (DMs). The
FEMA P695 methodology defines intensity in terms of response spectral acceleration at
the fundamental period, T, of the system, except that intensity is defined by the median
spectral acceleration of the record set, St, rather than by different intensities of individual
records (FEMA 2009). DM used in the methodology is the maximum story drift ratio.
The results of each analysis are plotted with the median value of collapse spectral

acceleration as the ordinate and maximum story drifts as the abscissa. Each IDA curve
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shows the result of analysis up to collapse. Once all the analyses of individual records are
completed and plotted in a single graph, the median value of the collapse spectral
acceleration (Scr) is calculated as the point for which one half of records cause collapse.

Figure 3-6 shows a generic IDA plot, and shows the calculation of collapse margin ratio

(CMR).
120 - Archetype ID-1001 (2 Story MX Frame)
CMR=3.44/1.5=2.29
10.0
[T
m
2 8.0
<
s 6.0
E
— 4.0
&
2.0
0.0
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
Max Interstory Drift (%)

Figure 3-6 Example IDA plot.
As mentioned earlier, the evaluation of the R factor depends on CMR which is
defined in FEMA P695 as “the ratio of the ground motion intensity that causes median
collapse, to MCE ground motion intensity defined by the building code.” By means of

nonlinear dynamic analysis of the models explained above, the median collapse capacity

(Scr) is obtained and CMR s calculated as

CMR = 3t (3-12)

Smr
where (Scr) is the median 5% damped spectral acceleration at the collapse level ground
motions and (Sur) is the 5% damped spectral acceleration of the MCE ground motions.
The MCE ground motion intensity (Swr) for short-period archetypes (i.e. T < Ts)
given by

35



SMT = SMS! (3'13)
and for long period archetypes (T>Ts) is given by

M (3-14)

SMT = T .
Table 3-5 provides the calculated values for Sus, Sw1 and Ts for different seismic design

categories based on the above equations.

Table 3-5 Summary of Maximum Considered Earthquake Spectral Accelerations And
Transition Periods Used for Collapse Evaluation of Seismic Design
Category D, C, and B Structure Archetypes (FEMA 2009).

Seismic Design Category | Maximum Considered Earthquake Trggrsigldon
Maximum | Minimum
D 1.50 0.9 0.6
C D 0.75 0.3 0.4
B C 0.5 0.2 0.4
B 0.25 0.1 0.4

The methodology outlines the information reported from nonlinear dynamic analysis
of each index archetype model as:

» MCE ground motion intensity (i.e., MCE spectral acceleration), Sur, and the
period used to calculate this value,

> Median collapse intensity, Sct, and collapse margin ratio, CMR

> Data used to compute the median collapse capacity, Scr, along with the response
parameter used to identify the collapse condition (e.g., maximum story drift ratio
for simulated collapse, and limit-state criteria for non-simulated collapse).
Accompanying notes, plots, or narratives describing the governing mode(s) of

failure,
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» Representative plots of hysteresis curves for selected structural components up to
the collapse point.

3.6 Performance Evaluation

Performance evaluation is the final step of the methodology to verify the acceptability
of trial values of the response modification factor (R). The results from nonlinear static
analysis for the overstrength factor (€2) and results from nonlinear dynamic analysis for
the R factor are evaluated and verified against predefined acceptability margins. After the
derivation and verification of the R factor, the deflection amplification factor (Cy) is also
derived based on the acceptable values of the R factor. The performance evaluation

process is explained step by step in Figure 3-7.

Calculate Adjusted (!:gllapse Margin Ratio

Calculate Total System Uncertainty

7
Determine Acceptable Values of ACMR
. ¥2

Evaluate Acceptability of ACMR

Evaluate R Factor
. ¥4

Evaluate Overstrength
7

Evaluate Deflection Amplification Factor

Figure 3-7 Process for performance evaluation (FEMA 2009).

> First step is obtaining the values of overstrength (£), period-based ductility (ur),

and collapse margin ratio (CMR) for each archetype from nonlinear analysis.



» Second step is calculating the adjusted collapse margin ratio (ACMR) for each
archetype using the spectral shape factor (SSF) which depends on the
fundamental period (T) and period-based ductility (ur).
» Third step is calculating total system collapse uncertainty (fror) based on the
quality ratings of design requirements and test data, and the quality rating of index
archetype models.
» Fourth step is assessing the adjusted collapse margin ratio (ACMR) for each
archetype and average values of ACMR for each archetype performance group
relative to acceptable values.
> Fifth step is evaluating the system overstrength factor ().
> Last step is evaluating the displacement amplification factor (Cy).
3.6.1 Performance Evaluation Criteria

The definition of performance groups is very important at this stage. The trial values
of seismic performance factors (SPFs) are assessed for each performance group. After
finding the average value of the performance groups, these values are used for verifying
the trials values. The FEMA P695 methodology requires that the trial value of the
response modification factor (R) is acceptable for all performance groups. Additionally,
the largest average value of the overstrength factor (€20) for all performance groups is
used. Methodology accepted collapse probability for each performance group’s average
is limited to 10% and it is limited to 20% for individual archetypes in a group. Once the
results are acceptable for the R factor then the deflection amplification factor (Cy) is

obtained using a formulation based on the trial R value and system damping factor.
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3.6.2 Adjusted Collapse Margin Ratio

CMR is adjusted based on the shape of the spectrum of rare ground motions to
account for the spectral shape effect on collapse behavior, structure ductility calculated
from nonlinear static analysis, as well as the fundamental period (T) of the system. The
spectral shape of the ground motion record set, which is carefully selected and grouped
for nonlinear dynamic analysis, impacts the collapse capacity as well as CMR. Recent
studies show that rare earthquake ground motions have unique spectral shapes, which are
different from the mean response spectrum that results in less damaging on structures
than expected (Baker and Allin Cornell 2006, Zareian 2006, Haselton and Baker 2006).
This effect is accounted for in calculation of adjusted collapse margin ratio with the
multiplication of CMR by a simplified spectral shape factor (SSF). The adjusted collapse
margin ratio (ACMR) is given by

ACMR = SSFxCMR . (3-15)

Table 3-6 shows the calculated values of the SSF for different SDC Dmax, which is a
function of fundamental period (T) and ductility (u) of the system.

Table 3-6 Spectral Shape Factor (SSF) for Archetypes Designed using SDC Dyax (FEMA
2009).

T Period-Based Ductility, pT

sec) |1 | 11 | 15 | 2 | 3 | 4 | 6 | >8 |

<05 1.00 1.05 1.10 1.13 1.18 1.22 1.28 1.33

0.6 1.00 1.05 1.11 1.14 1.20 1.24 1.30 1.36

0.7 1.00 1.06 1.11 1.15 1.21 1.25 1.32 1.38

0.8 1.00 1.06 1.12 1.16 1.22 1.27 1.35 141

0.9 1.00 1.06 1.13 1.17 1.24 1.29 1.37 1.44

1.0 1.00 1.07 1.13 1.18 1.25 1.31 1.39 1.46

1.1 1.00 1.07 1.14 1.19 1.27 1.32 1.41 1.49

1.2 1.00 1.07 1.15 1.20 1.28 1.34 1.44 1.52

1.3 1.00 1.08 1.16 1.21 1.29 1.36 1.46 1.55

1.4 1.00 1.08 1.16 1.22 1.31 1.38 1.49 1.58

>15 1.00 1.08 1.17 1.23 1.32 1.40 1.51 1.61
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3.6.3 Collapse Uncertainty of the System

Uncertainties are very important to obtain correct collapse prediction and they
influence the results for CMR. If the system has a well detailed model, enough test data,
and reliable design requirements then the same level of life safety can be achieved with a
smaller CMR (FEMA 2009). The methodology defines four primary uncertainties as the
source of collapse uncertainty and the total uncertainty (Sror) is calculated by combining
all these four uncertainties. Record-to-Record Uncertainty (RTR) arises due to response
variation of the archetypes under different seismic records. These variations can be a
result of frequency content and dynamic properties of the ground motion records and a
result of the hazard peculiarities. Studies show that the record to record uncertainty varies
between 0.35 and 0.45 for different structures and earthquake inputs (Haselton and Baker
2006, Ibarra and Krawinkler 2005, Zareian 2006) and the methodology fixed this value
(BrTr) t0 0.4.

The Design Requirements Uncertainty (DR) is determined based on the quality of the
design requirements, and completeness and robustness of these requirements. For the
objective of this study, these requirements mostly taken from the ASCE/SEI 7-05,
Minimum Design Loads for Buildings and Other Structures (ASCE 2006), and ACI 318,
Building Code Requirements for Structural Concrete (ACI 2005) during the system
information stage mentioned in Section 3.2. Values for (fpr) are shown in Table 3-7.

The Test Data Uncertainty (TD) is related to the completeness and robustness of the
test data used to define the system. The methodology defines the quality of the data for
material, component, connection, assembly, and system behavior from experimental

investigation and rates them. Values for (f1p) are shown in Table 3-8.
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Table 3-7 Quality Rating of Design Requirements (FEMA 2009).

Completeness and Robustness

Confidence in Basis of Design

Requirements

High. Extensive safeguards against

unanticipated failure modes. All (A) Superior | (B) Good (C) Fair
important design and quality assurance | fpr =0.10 | Bpor=0.20 | fpr=0.35
issues are addressed.

Medium. Reasonable safeguards

against unanticipated failure modes. (B) Good (C) Fair (D) Poor
Most of the important design and por=0.20 |ppor=0.35 |ppor=0.50
quality assurance issues are addressed.

Low. Questionable safeguards against

unanticipated failure modes. Many .

important design and quality assurance ©) Iia(|)r35 (D) Iios) go -

issues are not addressed. Por = 0. for = 0.

Table 3-8 Quality Rating of Test Data from an Experimental Investigation Program

(FEMA 2009).

Completeness and Robustness

Confidence in Test Results

Medium

Low

High. Material, component, connection,

High

important testing

assembly, and system behavior well (A) (B) Good | (C) Fair
understood and accounted for. All, or nearly Superior fro=0.20 | pro =0.35
all, important testing issues addressed. pro =0.10 ' '
Medium. Material, component, connection,

assembly, and system behavior generally (B) Good (C) Fair (D) Poor
understood and accounted for. Most =020 | prp=0.35 | Brp=0.50
important testing issues addressed.

Low. Material, component, connection,

assembly, and system behavior fairly (C) Fair (D) Poor

understood and accounted for. Several pro=0.35 | frp=0.50 N

The fourth and the last major uncertainty used in the calculation of the total

uncertainty of the system is Modeling Uncertainty (MDL). It is rated based on the quality
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of the index archetype models and simulation capabilities of these models for capturing

collapse behavior. Values for (fumpL) are shown in Table 3-9.

Table 3-9 Quality Rating of Index Archetype Models (FEMA 2009).

Representation of Collapse

Characteristics

Accuracy and Robustness of Models

Medium

Low

High. Index models capture the full range

High

of the archetype design space and structural (A) .
behavioral effects that contribute to Superior (B) (E%Ogo (C)_F%"%
collapse. L= 0.10 BwoL = 0. BwoL = 0.
Medium. Index models are generally

comprehensive and representative of the .

design space and behavioral effects that ﬁ(B) Sooogo ; (C):F%IES ﬂ(D) :P%ogo
contribute to collapse. MpL = MpL = = MPL = =
Low. Significant aspects of the design

space and/or collapse behavior are not (C) Fair (D) Poor

captured in the index models. BwoL = 0.35 | AupL = 0.50 ="

Once the uncertainties and their values are found, the total system collapse uncertainty

(Bror) is obtained as

2 2 2 2
Bror = \/BRTR + Bpr” +Brp” + BmpL” -

Based on these uncertainties BTOT values are given in the Table 3-10
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Table 3-10 Total System Collapse Uncertainty Values (FEMA 2009).

Quality of Design Requirements

Quality of Test Data

D) Poor
(A) Superior 0.425 0.475 0.550 0.650
(B) Good 0.475 0.500 0.575 0.675
(C) Fair 0.550 0.575 0.650 0.725
(D) Poor 0.650 0.675 0.725 0.825
Model Quality ((B) Good
. Quality of Design Requirements
Quality of Test Data D) Poor
(A) Superior 0.475 0.500 0.575 0.675
(B) Good 0.500 0.525 0.600 0.700
(C) Fair 0.575 0.600 0.675 0.750
(D) Poor 0.675 0.700 0.750 0.825

Model Quality ((C) Fair)
Quality of Design Requirements

Quiality of Test Data

(A) Superior 0.550 0.575 0.650 0.725
(B) Good 0.575 0.600 0.675 0.750
(C) Fair 0.650 0.675 0.725 0.800
(D) Poor 0.725 0.750 0.800 0.875

Quiality of Test Data

Model Qualit

Quality of Design Requirements

D) Poor

(A) Superior 0.650 0.675 0.725 0.825
(B) Good 0.675 0.700 0.750 0.825
(C) Fair 0.725 0.750 0.800 0.875
(D) Poor 0.825 0.825 0.875 0.950

3.6.4 Evaluation of the Seismic Parameters

After finding ACMR, it is compared with the acceptable collapse margin values
which are predetermined with consideration of the total uncertainty (fror) and collapse
probability limits. Acceptable values of ACMR are given by FEMA P695 based on the

total uncertainty and acceptable collapse probability as shown in Table 3-11.
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Table 3-11 Acceptable Values of ACMR (ACMR10% and ACMR 20%) (FEMA 2009).

Total System
Collapse

Uncertainty

0.275 1.57 1.42 1.33 1.26 1.20
0.300 1.64 1.47 1.36 1.29 1.22
0.325 1.71 1.52 1.40 1.31 1.25
0.350 1.78 1.57 1.44 1.34 1.27
0.375 1.85 1.62 1.48 1.37 1.29
0.400 1.93 1.67 1.51 1.40 1.31
0.425 2.01 1.72 1.55 1.43 1.33
0.450 2.10 1.78 1.59 1.46 1.35
0.475 2.18 1.84 1.64 1.49 1.38
0.500 2.28 1.90 1.68 1.52 1.40
0.525 2.37 1.96 1.72 1.56 1.42
0.550 2.47 2.02 1.77 1.59 1.45
0.575 2.57 2.09 1.81 1.62 1.47
0.600 2.68 2.16 1.86 1.66 1.50
0.625 2.80 2.23 191 1.69 1.52
0.650 291 2.30 1.96 1.73 1.55
0.675 3.04 2.38 2.01 1.76 1.58
0.700 3.16 2.45 2.07 1.80 1.60
0.725 3.30 2.53 2.12 1.84 1.63
0.750 3.43 2.61 2.18 1.88 1.66
0.775 3.58 2.70 2.23 1.92 1.69
0.800 3.73 2.79 2.29 1.96 1.72
0.825 3.88 2.88 2.35 2.00 1.74
0.850 4.05 2.97 241 2.04 1.77
0.875 4.22 3.07 2.48 2.09 1.80
0.900 4.39 3.17 2.54 2.13 1.83
0.925 4.58 3.27 2.61 2.18 1.87
0.950 4.77 3.38 2.68 2.22 1.90

3.6.4.1 Response Modification Factor Evaluation (R)
R factor should not only be evaluated individually but also be evaluated as a group,
and meet two criteria:
» The probability of collapse for MCE ground motions is 10%, or less, on average
for all index archetype designs, i.e.,

ACMRL = ACMR . (3-17)
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» The probability of collapse for MCE ground motions is approximately 20%, or
less, for each index archetype, i.e.,

ACMR, = ACMR (3-18)

20%
Finally, ACMR is higher than the acceptable values for individual and each performance
group then the trial values of the R factor are acceptable. If not, redesign process is
required starting with a new trial value for the R factor.

3.6.4.2 Evaluation of the Overstrength Factor (Qo)

Nonlinear static analysis is used to calculate the archetype overstrength (Q) for all
performance groups. The average value is then calculated for each group. The system
overstrength factor (Q,) used for the design cannot be taken less than that value. It should
be rounded to the half unit intervals and it should not be taken larger than 1.5 times the R
factor. Due to the code restrictions, 3.0 is its practical limit defined in Table 12.2-1 of
ASCE/SEI 7-05 (2006) for all current approved seismic force resisting systems.
3.6.4.3 Evaluation of the Deflection Amplification Factor (Cy)

The deflection amplification factor (Cy) is derived based on the acceptable values of

the R and damping factors. The equation given by the methodology is

Bj
where Bl is a numerical coefficient for damping that depends on the effective damping
(B 1) and period of the system. The value for Bl for a critical damping value of 5% is 1.0
according to Table 18.6-1 of ASCE 7-05 (2006), which means that for most of the
systems deflection amplification factor (Cd) is equal to the R factor. This equality also
can be explained by the “Newmark rule” which assumes that the inelastic displacement is

approximately equal to the elastic displacement at the roof for structures with long
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periods. Here the damping coefficients for the MX and R/ECC frames are calculated by
means of reverse cyclic pushover analysis and the detailed computation and results are

provided in Chapter 6.
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Chapter 4 Archetype Development Procedure

4.1 Material Properties

It is well know that the response of a structure under earthquake loading mostly
depends on the quality and type of construction materials. Due to different demands of
the structures, the designers and researchers have been trying to find the most suitable
construction material, as well as the most suitable properties for a better performance for
a particular project. Here, during the archetype development procedure two types of
materials: conventional steel reinforced concrete and steel reinforced ECC are used. The
material properties of interest were outlined by the FEMA P695 methodology as follows:

1. Tensile, compressive, and shear stress and strain properties,

2. Friction properties between parts,

3. Young’s modulus,

4. Bond properties at the interface of the two materials, and

5. Other properties on which component behavior depends on strongly.

The relevant properties for modeling in this study are items 1 and 3. These parameters
are chosen from the existing codes and standards, and prior experimental programs.
Additionally, considering the study of Mander et al. (1988), the confinement effect,
which has a major influence on both strength and ductility of concrete, is taken into
consideration for conventional concrete members. The calculated values for the members
of the frames considered here vary between 1.03 and 1.25 depending on the material and

section properties.
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4.1.1 Conventional Concrete

As mentioned earlier, the estimation of overall structural response under the static and
dynamic loading depends on the correct prediction of the material behavior. For RC and
MX frames, the properties of concrete are directly taken from a detailed study on 30
code-conforming reinforced concrete special moment frame buildings (Haselton and
Deierlein 2008). Figure 4-1 shows the uniaxial constant confinement concrete model
developed by Martinez-Rueda and Elnashai (1997) based on the study of Mander et al.
(1988). The four key parameters of the model are the compressive strength of unconfined
concrete (f'c), the tensile strength of concrete (ft), the crushing strain (€co), and the
confinement factor (K). Table 4-1 gives the parameters of the concrete material model.

A

Stress

»

Compressive Strain

Figure 4-1 The uniaxial constant confinement concrete model (Martinez-Rueda and
Elnashai 1997).

Table 4-1 The properties of concrete for the “con2” material model

Property Description Value
f. Compressive strength 34.47 to 48.26 N/mm®
fe Tensile strength 0.1*f,
Eeo Crushing strain 0.002
K Confinement factor 1.03t0 1.25

Here, the confinement factor (K) is calculated using the equations in Mander et al.

(1988).
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4.1.2 Engineered Cementitious Composites

Engineered Cementitious Composites (ECC) is a class of high performance fiber
reinforced composite material (HPFRCC) designed based on micromechanical principals.
The main advantages of ECC over conventional concrete are providing high ductility
strength in tension, multiple cracks with reduced crack widths instead of concentrated
large cracks, and high energy dissipation capacity (Li and Wu 1992, Li 19923, Li and
Leung 1992, Gencturk and Elnashai 2011). In addition, it was observed that the high
deformability of ECC in tension results in enhanced bond characteristics between
reinforcing bars and the surrounding matrix, thereby, improving several behavioral
features of reinforced ECC members including stiffness and strength (Fischer and Li
2002). By means of a well-defined ECC constitutive model, the behavior of the structure
can be captured under various load conditions. For R/ECC and MX frames; the
constitutive model developed by Gencturk and Elnashai (2013) is used to model ECC
material. Figure 4-2 shows the envelope curves for the ECC model in compression and
tension. The parameters required for modeling are shown in
Table 4-2 including the values used in this study.

o o
A

o 7 £5, |

¢l+-rz—2--sf’sq,-+- r;jsq, N

‘- Sm » 0-{:1' } .
. ) ) (&,.9)
(a) Compression () Tension

>» £ » &
re >

Figure 4-2 The material model for "ecc™ [Elnashai et al. (2010)].
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Table 4-2 Material properties of "ecc” model.

Property Description Value
E The Young’s modulus 25000
&o First cracking strain 1.0E-4
& Strain at peak stress in tension 0.025
Otp Strength in tension 3.6
& Tensile strain capacity 0.035
& Strain at peak stress in compression (E¢ < 0) -0.003
Ocp Strength in compression (o, < 0) -55

Ultimate strain in compression (€., < 0).This value
Eeu should always be less than the maximum compressive -0.3
strain expected during analysis
- Stress on the compression envelope corresponding to 465
o Eau (Gcr < O) .
4.2 Steel

Grade 60 steel which is consistent with the American Society for Testing and
Materials (ASTM) A 615 standards is used as the longitudinal and transverse
reinforcement. A constitutive model based on the Ramberg-Osgood model with
kinematic strain-hardening (Ramberg and Osgood 1943) is used for the modeling of the

steel behavior. Figure 4-3 shows a sample stress strain response of this model and Table

4-3 provides the definition of each parameter and the values used.

Stress

o
T
I
I
I
4
i

(ay)

Strain

- T

Figure 4-3 The Ramberg-Osgood steel material model.
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Table 4-3 Material Properties of the Steel Model.

Property Description Value
E The Young’s modulus 200000
Material constants determined by a best-fit
a . : . 0.005
procedure using the available experimental data.
Material constants determined by a best-fit
b . : . 380
procedure using the available experimental data.
Material constants determined by a best-fit
n . . . 11
procedure using the available experimental data.
4.3 Loads

The gravity loads for nonlinear analysis are calculated using Equation (3-10). The
design floor dead and live loads are taken as 8379 N/m2 (175 psf) and 2394 N/m2 (50
psf), respectively, for all the structural types.

4.4 Frame Types and Configurations

In parallel with the objectives of this study, three types of special moment frames
(SMF): a reinforced concrete frames (RC), a reinforced ECC frame (R/ECC), and a
concrete and ECC, multi material mixed frames (MX), are modeled to derive the seismic
design parameters. RC frame serves as a control group. Based on the FEMA P695
findings; buildings designed in low seismic regions (Dnin) have a lower collapse risks
than buildings designed in high seismic regions (Dmax). Moreover, increasing bay width
results in a reduced collapse risk. For instance, a 9144 mm (30-foot) bay width building
has a higher CMR compared to a 6096 mm (20-foot) bay width building. Therefore, in
order to derive the seismic design parameters, buildings with two different bay widths:
6096 mm (20-ft) and 9144 mm (30-foot), in high seismic design category, are chosen
here with variable story heights (Haselton and Deierlein 2008). Each frame type has the

same number of models covering a wide range of buildings from 1-story to 20-story. As
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the story height, 4572 mm (15-ft) is used for the first story while 3962 mm (13-ft) is used
for the remainder. The details about the performance groups, which were divided into
subgroups with respect to bay width, story numbers and seismic framing systems, are
given in Section 4.5.

4.4.1 Reinforced Concrete Frames (R/C)

Based on the performance evaluation of the FEMA P695 methodology, 12 different
SMEF archetype models are chosen from the study of Haselton and Dierlein (2008). The
same models are used for RC, MX and R/ECC frames. The Table 4-4 gives the properties
of the frames, and the detailed design documentation is given in Appendix A.

4.4.2 Reinforced ECC Frames (R/ECC)

The deformability of the structures depends on the behavior of the structural
members. Replacement of the conventional concrete with ECC increases the inelastic
deformation capacity without any loss of load carrying capacity. R/ECC is modeled using
the same dimensions and reinforcement configuration with RC frames. It is
acknowledged that the use of ECC results in a higher cost than the conventional concrete
(Gencturk and Elnashai 2011); however the cost analysis is beyond the scope of this
study.

4.4.3 Multi Material Frames (MX)

The beam column joint regions are one of the most critical parts of building structures
due to complex load transfer mechanisms and nonlinear behavior of materials during
earthquakes. In order to improve the seismic performance, beam-column joint panel
zones and plastic hinge regions of RC frames are modeled using ECC in MX frames.

Although it is relatively easy to define the dimension of the beam column joint region,
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there are numerous expressions for calculating the plastic hinge lengths. The plastic hinge
region is defined as “length of frame element over which flexural yielding is intended to
occur due to design displacements, extending not less than a distance h from the critical
section where flexural yielding initiates” (ACI 2008). For simplicity, the plastic hinge
length is assumed equal to the depth of the beam and column elements (hy, h,) as shown

in Figure 4-4 (Blume, Newmark, and Corning 1961).

Figure 4-4 Illustration of beam-column plastic hinge length.

Table 4-4 Properties of RC SMF Archetype Buildings.

Archetype | Archetype Archetype
ID ID ID '\S":g:i'ezf FTr;L"ee SDC | Bay Width
(R/IC) (R/ECC) (MX)

2061-RC 2061-RECC | 2061-MX 1 S Dmax | 6096 mm
2069-RC 2069-RECC | 2069-MX 1 P Dmax | 6096 mm
2064-RC 2064-RECC | 2064-MX 2 P Dmax | 6096 mm
1001-RC 1001-RECC | 1001-MX 2 S Dmax | 6096 mm
1003-RC 1003-RECC | 1003-MX 4 P Dmax | 6096 mm
1008-RC 1008-RECC | 1008-MX 4 S Dmax | 6096 mm
1011-RC 1011-RECC | 1011-MX 8 P Dmax | 6096 mm
1012-RC 1012-RECC | 1012-MX 8 S Dmax | 6096 mm
1013-RC 1013-RECC | 1013-MX 12 P Dmax | 6096 mm
1014-RC 1014-RECC | 1014-MX 12 S Dmax 6096 mm
1020-RC 1020-RECC | 1020-MX 20 P Dmax | 6096 mm
1021-RC 1021-RECC | 1021-MX 20 S Dmax | 6096 mm
1009-RC 1009-RECC | 1009-MX 4 P Dmax | 9144 mm
1010-RC 1010-RECC | 1010-MX 4 S Dmax | 9144 mm
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4.5 Performance Groups

The seismic design parameters are derived for each performance group and the
performance groups are determined depending on the building configuration, gravity load
level, seismic design category, and period domain. Each group has to contain at least
three archetypes, and every system has to include at least four performance groups
(FEMA 2009). Following to FEMA P695 methodology, two extra three-story archetypes
are added to PG-1 and PG-5 for proper application of the methodology. Results for these
newly defined archetypes calculated from the average values of two-story and four-story

archetypes. FEMA P695 provides the performance group summary according to Table

4-5 by considering these key parameters mentioned above.

Table 4-5 Performance Groups for Evaluating RC SMFs

Performance Group Summary

Grouping Criteria

Glr\?éjp Basic Design Load Level Period Number of
Config. Gravity Seismic Domain Archetypes
PG-1 . SDC Short 2+1
High
PG-2 (Space Drmax Long 4
PG-3 ey SDC Short 0
rame)
PG-4 6096 mm Dhin Long 0
PG-5 Bay Width L SDC Short 2+1
PG-6 (Perimter Drva Long 4
PG-7 SDC Short 0
Frame)
PG-8 Drin Long 0
Low
PG-10 (Perimeter %DC Long 1
9144 mm Frame) max
Bay Width High
PG-14 (Space %DC Long 1
Frame) max
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Chapter 5 Nonlinear Analysis of Archetypes

5.1 Nonlinear Analysis Program (ZEUS NL)

Accurate modeling of the buildings is of utmost importance for collapse simulation,
which is directly related to the derivation of seismic design parameters. Beams, columns
and beam-column joint regions need to be represented properly by the modeling
approach. Due to its accuracy and efficiency, fiber-based element modeling approach is
used here for the model development. ZEUS NL finite element software (Elnashai,
Papanikolaou, and Lee 2010), which was developed at the Mid-America Earthquake
Center (MAE Center) for inelastic analysis and simulation of structures under both
dynamic and static loading conditions, is used here. The program uses the fiber approach
to define the structural behavior; it accounts for large inelastic displacements, and has a
robust numerical solver. Wide range of analysis types can be performed by ZEUS NL
such as eigenvalue, static pushover, static time-history, and dynamic analysis. The
following material models are available in ZEUS NL.:

» stl0: Linear elastic model
stl1: Bilinear elasto-plastic model with kinematic strain-hardening
stl2: Ramberg-Osgood model with masing type hysteresis curve
stl3: Menegotto-Pinto model with isotropic strain-hardening
conl: Trilinear concrete model
con2: Uniaxial constant confinement concrete model
con3: Uniaxial variable confinement concrete model

con4: Sheikh-Uzumeri model

vV VvV VYV VvV V¥V VYV VY VY

ecc: Model for ECC materials
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» frpl: Uniaxial constant fiber-reinforced plastic confined concrete model.
Besides accuracy and computational efficiency of ZEUS NL, existence of the “ECC”
material model (Gencturk and Elnashai 2011) is another advantage for the development
and analysis of high performance material buildings in this thesis. Due to these
advantages, ZEUS NL software package is used in this study for structural simulation of
the developed archetype buildings.
5.2 Input Ground Motions

As reviewed in Section 3.5.2, the methodology defines record sets as “Far-Field” and
“Near-Field” depending on their location to fault rapture. The Far-Field record set
includes 22 pairs of ground motion records, which are recorded at distances larger than or
equal to 10 km from the fault rapture. On the other hand, the Near-Field record set
includes 28 pairs of ground motions records, which are recorded at the distances under 10
km from the fault rapture. In this study Far-Field record set is used for analysis of the
models for collapse evaluation and this record set is applicable to all SDCs and soil site
classifications. The list of Far Field record set is given in Table 3-4.
5.2.1. Normalization of Records

Although Far-Field records are selected carefully with consideration of magnitude,
source type, site conditions and some other related parameters; they still need to be
normalized to reduce variability between the records. Normalization of the records is
done based on their peak ground velocity (PGV) values. The geometric mean of PGV of
the two horizontal components is obtained first. Formulation defined by the methodology

is given below with Equation (5-1 as

NM = Median(PGVpggR) , (5'1)

PGVpEER
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where NM = Normalization factor for both horizontal components of the record,
PGVpeer = Peak ground velocity of the record (PEER NGA database),

Median (PGVpeer) = Median of PGVpeer Of the record set.

PGV and calculated values of the normalization factor are given in Table 5-1.

Table 5-1 Factors Used to Normalize Recorded Ground Motions and Parameters of
Normalized Ground Motions for the Far-Field Record Set (FEMA 2009).

Recorded Parameters lizati Normalized Motions

I:IE()) 1-sec Spec. Acc. (9) | PGVpeer Norr;;;g?tlon PGA max | PGV max
Comp.1 | Comp.2 | (cm/s.) (9) (9)
1 1.02 0.94 57.2 0.65 0.34 41
2 0.38 0.63 44.8 0.83 0.40 38
3 0.72 1.16 59.2 0.63 0.52 39
4 0.35 0.37 34.1 1.09 0.37 46
5 0.26 0.48 28.4 1.31 0.46 43
6 0.24 0.23 36.7 1.01 0.39 43
7 0.31 0.29 36.0 1.03 0.53 39
8 0.33 0.23 33.9 1.10 0.26 42
9 0.43 0.61 54.1 0.69 0.25 41
10 0.11 0.11 27.4 1.36 0.30 54
11 0.50 0.33 37.7 0.99 0.24 51
12 0.20 0.36 32.4 1.15 0.48 49
13 0.46 0.28 34.2 1.09 0.58 38
14 0.27 0.38 42.3 0.88 0.49 39
15 0.35 0.54 47.3 0.79 0.40 43
16 0.31 0.25 42.8 0.87 0.31 40
17 0.33 0.34 31.7 1.17 0.53 42
18 0.54 0.39 45.4 0.82 0.45 36
19 0.49 0.95 90.7 0.41 0.18 47
20 0.30 0.43 38.8 0.96 0.49 38
21 0.25 0.15 17.8 2.10 0.44 40
22 0.25 0.30 25.9 1.44 0.50 44

Median (PGVPEER) 37.2

5.2.2. Scaling of Records
Second step is scaling of the record set to a level such that half of the records cause

collapse of the models. This scaling is done to determine the median collapse capacity,
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Sct, which is used for calculating CMR. The FEMA P695 methodology states that “In
high seismic regions where buildings are at greatest risk, few recorded ground motions
are intense enough, and significant upward scaling of the records is often required”
(FEMA 2009). Both normalization and scaling steps meet the ground motion scaling
requirements of Section 16.1.3.2 of ASCE/SEI 7-05 (2006).
5.3 Eigenvalue Analysis

Fundamental period (T;) of the archetype models are determined by an eigenvalue
analysis. Ty values are used in Equation (3-11) for calculating dyer, which is the main
input for the computation of the period based ductility. Calculated values of fundamental
periods are given in Table 5-2. Eigenvalue analysis results show that R/ECC frames have
the highest T, values and RC frames have the lowest for all archetype models.
5.4 Nonlinear Static (Pushover) Analysis

The main purpose of the pushover analysis is to obtain (£p) for the archetype
buildings, which is defined as the ratio of (Vmax) to (Vg) and to obtain (pr), which is the
ratio of ultimate roof displacement (d,) to effective yield displacement (dy). Once the
system reaches to a loss of 20% of the maximum base shear then analysis meets the
requirements (FEMA 2009). The procedure for the pushover analysis is explained in
Section 3.3.3 of ASCE/SEI 41-06 (2007). As described in Section 3.5.1; the base shear
values (V), effective and ultimate roof drift values, story drift values are obtained from
the static pushover analysis. Figure 5-1, Figure 5-2, Figure 5-3 and Figure 5-4 show the

example pushover analysis result for model 1D-2064 RC, MX and R/ECC frames.
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Archetype 1D-2064 (2 Story RC Frame)
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Figure 5-1 Pushover analysis result for model 1D-2064 RC.

Archetype 1D-2064 (2 Story MX Frame)
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Figure 5-2 Pushover analysis result for model 1D-2064 MX.
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Archetype 1D-2064 (2 Story ECC Frame)
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Figure 5-3 Pushover analysis result for model 1D-2064 R/ECC.

Archetype 1D-2064 (2 Story Frame) Pushover Curves
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Figure 5-4 Pushover analysis results of ID-2064 frame.

Based on the static pushover analysis results, in most cases, MX frames have a higher
maximum base shear values than R/ECC and RC frames. This behavior can be explained

by the plastic hinge localization of the frames. While the plastic hinge localization of
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both R/ECC and RC members occur at the member ends, it is formed at not only ECC
part of the member but also formed at RC part of the member (Gencturk and Elnashai
2011) for MX frames. The calculated values of overstrength are used for overall
derivation of system overstrength, and period based ductility values are used for
adjustment of CMR based in the FEMA P695 methodology. Table 5-2 gives the
computed values of overstrength, period based ductility and design base shear values of
all archetype models.
5.4.1. Overstrength Calculation

After performing nonlinear static pushover analysis of the models, overstrength
values are computed as the ratio of maximum base shear to design base shear. Calculated
overstrength values for MX frames are 1.30 to 1.52 times higher than the RC models.
This trend is also valid for the R/ECC models that the overstrength values for R/ECC
frames are 1.25 to 1.52 times higher than the RC frames. Results are shown in Table 5-2
below.
5.4.2. Period Based Ductility Calculation

Period based ductility is the ratio of ultimate roof drift and effective yield
displacement given by Equation (3-13). d, is the point where 0.8Vmax IS obtained and
calculation of dyef IS given by Equation (3-11). It is observed from the computed results
shown in Table 5-2 that; RC frames have higher period based ductility values compared
to both R/ECC and MX frames. In addition, the ductility values of the MX frames are
slightly higher than those of the R/ECC frames. This trend is caused by material model

definitions of “concrete” or “ECC”. Furthermore, this can be also explained by the period
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elongation of the reinforced concrete special moment frame structures before reaching
collapse point (FEMA 2009).

5.5 Nonlinear Dynamic Analysis

As mentioned at Chapter 3, Section 5.2; nonlinear dynamic analysis is used to define
CMR of each archetype building. All archetype model responses are evaluated after
being subjected to the predefined “Far Field” ground motion record set. Each IDA curve
shows the results from analysis of the frames up to collapse when subjected to an
individual ground motion. Once all the analyses are completed; Scr is calculated as the
point where one half of records cause collapse. Approximately 400 nonlinear dynamic
analyses are performed for each archetype depending on the scaling and collapse
behavior. Figure 5-5, Figure 5-6 and Figure 5-7 show sample IDA results of archetype

ID-1001, that is the two-story model of RC, MX and R/ECC frames.

Archetype ID-1001 (2 Story RC Frame)
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Figure 5-5 IDA result for ID-1001 two-story RC frame.
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Archetype ID-1001 (2 Story MX Frame)
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Figure 5-6 IDA result for ID-1001 two story MX frame.
Archetype 1D-1001 (2 Story ECC Frame)
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Figure 5-7 IDA result for ID-1001 two-story R/ECC frame.
The three figures given above provide a general idea about the IDA plots, collapse
behavior mechanisms and CMR for the models. Calculated values of Scr and CMR of

RC, MX and R/ECC frames are shown in Table 5-2 below.
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Table 5-2 Nonlinear Static and Nonlinear Dynamic Analysis Results.

Design Configuration

Eigenvalue, Nonlinear Static, Nonlinear

Dynamic Analysis Results

§D
g [gl2l. 13 = NERE
ZI P — %) 0 = %)
- RC 1 S x 8 0.26 0.125 1.50 4.67 0.25 3.29 2.19 38.10
§ MX 1 S g 8 0.26 0.125 1.50 7.45 0.26 4.31 2.87 29.41
R/ECC 1 S 8 0.26 0.125 1.50 7.27 0.27 4.10 2.73 28.57
o RC 1 P % 8 0.26 0.125 1.50 2.33 0.44 1.18 0.79 8.65
§ MX 1 P g 8 0.26 0.125 1.50 3.26 0.46 2.67 1.79 20.53
R/ECC 1 P 8 0.26 0.125 1.50 3.21 0.47 2.56 1.70 17.60
. RC 2 S % 8 0.45 0.125 1.50 3.74 0.41 3.32 2.22 24.24
§ MX 2 S g 8 0.45 0.125 1.50 5.32 0.47 3.44 2.29 14.08
R/ECC 2 S 8 0.45 0.125 1.50 5.33 0.52 3.81 2.54 13.39
< RC 2 P x 8 0.45 0.125 1.50 2.23 0.45 2.16 1.44 25.20
§ MX 2 P g 8 0.45 0.125 1.50 3.26 0.47 3.65 2.43 32.26
R/ECC 2 P 8 0.45 0.125 1.50 3.21 0.48 3.24 2.16 27.58
o™ RC 4 P x 8 0.81 0.092 1.11 1.99 0.78 1.13 1.02 17.25
§ MX 4 P g 8 0.81 0.092 1.11 2.68 0.84 1.88 1.70 20.14
R/ECC 4 P 8 0.81 0.092 1.11 2.56 0.86 1.52 1.37 13.82
. RC 4 S x 8 0.81 0.092 1.11 2.51 0.65 1.22 1.09 13.00
§ MX 4 S g 8 0.81 0.092 1.11 3.90 0.68 1.56 1.40 12.60
R/ECC 4 S 8 0.81 0.092 1.11 3.80 0.70 1.54 1.39 13.20
- RC 8 P % 8 1.49 0.050 0.60 1.77 1.30 0.48 0.80 10.71
§ MX 8 P g 8 1.49 0.050 0.60 2.64 1.38 0.86 1.42 10.88
R/ECC 8 P 8 1.49 0.050 0.60 2.52 1.41 0.47 0.79 6.29
N RC 8 S x 8 1.49 0.050 0.60 2.22 1.36 0.30 0.49 6.33
§ MX 8 S g 8 1.49 0.050 0.60 3.12 1.44 1.19 1.97 8.47
R/ECC 8 S 8 1.49 0.050 0.60 3.07 1.48 1.12 1.86 8.11
o RC 12 P x 8 2.13 0.035 0.42 1.79 1.56 0.28 0.66 6.33
§ MX 12 P g 8 2.13 0.035 0.42 2.89 1.69 0.30 0.71 4.47
R/ECC 12 P 8 2.13 0.035 0.42 2.66 1.73 0.29 0.68 4.33
< RC 12 S % 8 2.13 0.035 0.42 1.94 1.72 0.18 0.43 4.24
§ MX 12 S g 8 2.13 0.035 0.42 3.04 1.81 0.28 0.66 3.91
R/ECC 12 S 8 2.13 0.035 0.42 2.94 1.84 0.21 0.50 3.57
o RC 20 P x 8 3.36 0.022 0.27 1.55 2.24 0.10 0.37 3.39
§ MX 20 P g 8 3.36 0.022 0.27 191 2.40 0.15 0.55 2.68
R/ECC 20 P 8 3.36 0.022 0.27 2.28 2.45 0.21 0.80 3.46
4 RC 20 S x 8 3.36 0.022 0.27 1.82 2.14 0.09 0.35 2.81
§ MX 20 S g 8 3.36 0.022 0.27 2.77 2.20 0.16 0.58 4.00
R/ECC 20 S 8 3.36 0.022 0.27 2.98 2.29 0.21 0.79 3.10
o RC 30 P x 8 0.81 0.092 1.04 1.92 0.83 0.90 0.81 13.68
§ MX 30 P g 8 0.81 0.092 1.04 2.49 1.02 1.59 1.43 13.53
R/ECC 30 P 8 0.81 0.092 1.04 2.39 1.10 1.66 1.50 12.04
RC 30 S ¢ 8 0.81 0.092 1.04 3.32 0.63 1.12 1.01 8.33
g MX 30 S § 8 0.81 0.092 1.04 478 0.74 2.39 2.15 15.36
— | RIECC 30 S 8 0.81 0.092 1.04 4.55 0.80 1.61 1.45 8.59
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Chapter 6 Derivation of Seismic Parameters

6.1 Adjusted Collapse Margin Ratio

ACMR is calculated using Equation (3-15) for all archetype models which is simply
a multiplication of SSF and CMR. Table 3-6 shows the values of SSF for SDC Dpax,
which is a function of T and pir of the system. For values not shown in the Table 3-6,
linear interpolation is done. Table 6-2, Table 6-3 and Table 6-4 show the computed
values (ACMR) for the models.
6.1.1 Collapse Uncertainty

To quantify the acceptable CMR, total system uncertainty is calculated by Equation
(3-11). The values of total uncertainty are given in Table 3-10 which accounts for
uncertainties in modeling, data calibration, structural design, and earthquake records.
Starting with a constant value of ground motion record uncertainty, which is 0.40;
modeling uncertainty is decided as good, data for element calibration is determined good,
and finally quality of structural system design requirements is determined as superior.
Then Equation 3-13 is used to obtain the total system uncertainty, which is then in turn
0.50 and used for finding the acceptable CMR.
6.1.2 Acceptable Values of Adjusted Collapse Margin Ratio

The acceptable values of ACMR are chosen from the Table 6-1 based on the total
collapse uncertainty and probability of collapse. Calculated total collapse uncertainty is
0.50 and ACMR values are 1.90 for average of performance groups and 1.52 for

individual frames.
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Table 6-1 Acceptable Values of Adjusted Collapse Margin Ratio (ACMR10% and

ACMR20%).
Total Collapse Probability
System
Collapse
Uncertainty

0.275 1.57 1.42 1.33 1.26 1.20
0.300 1.64 1.47 1.36 1.29 1.22
0.325 1.71 1.52 1.40 1.31 1.25
0.350 1.78 1.57 1.44 1.34 1.27
0.375 1.85 1.62 1.48 1.37 1.29
0.400 1.93 1.67 1.51 1.40 1.31
0.425 2.01 1.72 1.55 1.43 1.33
0.450 2.10 1.78 1.59 1.46 1.35
0.475 2.18 1.84 1.64 1.49 1.38
0.500 2.28 1.90 1.68 1.52 1.40
0.525 2.37 1.96 1.72 1.56 1.42
0.550 2.47 2.02 1.77 1.59 1.45
0.575 2.57 2.09 1.81 1.62 1.47
0.600 2.68 2.16 1.86 1.66 1.50
0.625 2.80 2.23 1.91 1.69 1.52
0.650 2.91 2.30 1.96 1.73 1.55
0.675 3.04 2.38 2.01 1.76 1.58
0.700 3.16 2.45 2.07 1.80 1.60
0.725 3.30 2.53 2.12 1.84 1.63
0.750 3.43 2.61 2.18 1.88 1.66
0.775 3.58 2.70 2.23 1.92 1.69
0.800 3.73 2.79 2.29 1.96 1.72
0.825 3.88 2.88 2.35 2.00 1.74
0.850 4.05 2.97 2.41 2.04 1.77
0.875 4.22 3.07 2.48 2.09 1.80
0.900 4.39 3.17 2.54 2.13 1.83
0.925 4.58 3.27 2.61 2.18 1.87
0.950 4.77 3.38 2.68 2.22 1.90

6.2 Evaluation of R factor
Performance groups are very important for the evaluation of R-factor. The trial values

of R factor are assessed for each performance group. After finding the average value of
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the performance groups, these values are used for verifying the trials values. Based on the
results of FEMA P695 methodology followed in this thesis, trial R factor values are
verified for RC, MX, and R/ECC models as shown in Table 6-2, Table 6-3, and Table
6-4.

Table 6-2 Summary of Collapse Margins and Comparison to Acceptance Criteria for
RC Special Moment Frame Archetypes

Design Eigenvalue, Nonlinear Static, Acceptance
§ Configuration Nonlinear Dynamic Analysis Results Check
= [<3]
S = 8 | E|o S x TR - ‘iﬁ < S —
3 s |53 ¢ | 5|3| 8|8 |83 |&E
n o 3 < g < a8
Performance Group No. PG-5 (Short Period, 20’ Bay Width Configuration)
o 2069 1 P x 233 | 865 | 0.79 | 1.33 1.05 1.52 Fail
8 2064 2 P g 223 | 2520 | 1.44 | 1.33 1.92 1.52 Pass
3 P 2.11 1.68 1.52 Pass
Mean of Performance Group: 2.22 1.55 1.90 Fail
Performance Group No. PG-6 (Long Period, 20° Bay Width Configuration)

1003 4 P 199 | 17.25| 1.02 | 141 1.44 1.52 Fail
© 1011 8 P | & | 177 | 1071 | 0.80 | 161 1.29 1.52 Fail
§ [ 1013 | 12 | p | 5[ 179 | 633 |066] 153 | 101 | 152 | Fail

1020 20 P 155 | 339 | 0.37 | 1.36 0.50 1.52 Fail
Mean of Performance Group: 1.78 1.06 1.90 Fail

Performance Group No. PG-1 (Short Period, 20’ Bay Width Configuration)
- 2061 1 S x 467 |3810 | 219 | 1.33 2.91 1.52 Pass
8 1001 2 S S 374 | 2424 222 | 1.33 2.95 1.52 Pass

------ 3 S 3.12 2.25 1.52 Pass

Mean of Performance Group: 3.84 2.70 1.90 Pass
Performance Group No. PG-3 (Long Period, 20’ Bay Width Configuration)

1008 4 S 251 |13.00 | 1.09 | 1.41 1.54 1.52 Pass
8 1012 8 S é 222 | 6.33 | 049 | 153 0.75 1.52 Fail
a 1014 12 S| al| 194 | 424 | 043 | 142 0.61 1.52 Fail

1021 20 S 182 | 281 | 0.35 | 1.30 0.46 1.52 Fail

Mean of Performance Group: 212 0.84 1.90 Fail
Performance Group No. PG-10 and PG-14 (30° Bay Width Configuration)
x
g S| 1009 |4 P § 1.92 | 1368 | 0.90 | 1.41 1.27 1.52 Fail
3 S
8 1010 4 S E 332 | 833 | 112 | 141 1.58 1.52 Pass
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Table 6-3 Summary of Collapse Margins and Comparison to Acceptance Criteria for MX
Special Moment Frame Archetypes.

Design Eigeqvalue, Nonlir)ear Stati_c, Acceptance
. . Nonlinear Dynamic Analysis Check
§ Configuration Results
£ . | @ o) 2 .
N T S < § < o
Performance Group No. PG-5 (Short Period, 20’ Bay Width Configuration)

2069 1 ) 3.26 | 2053 | 1.79 | 1.33 | 2.38 | 1.52 Pass

§ 2064 2 ) § 3.26 | 3226 | 243 | 1.33 | 3.23 | 152 Pass

3 p 2.97 282 | 152 Pass

Mean of Performance Group: 3.15 281 | 1.90 Pass
Performance Group No. PG-6 (Long Period, 20’ Bay Width Configuration)

1003 4 ) 2.68 | 2014 | 1.70 | 141 | 240 | 152 Pass
© | 1011 8 p| x| 264 |1088 | 142 | 1.61 | 229 | 152 Pass
& 1013 | 12 | P & [ 289 | 447 | 071 | 143 | 102 | 152 Fail

1020 20 ) 191 | 268 | 051 | 1.29 | 0.66 | 1.52 Fail
Mean of Performance Group: 2.53 159 | 1.90 Fail

Performance Group No. PG-1 (Short Period, 20” Bay Width Configuration)
_, |_2061 1 S | . 7.45 | 29.41 | 287 | 1.33 | 3.81 | 152 Pass
8 1001 2 S § 532 | 14.08 | 229 | 1.33 | 3.05 | 152 Pass

______ 3 S 4.61 251 | 152 Pass

Mean of Performance Group: 5.79 3.12 | 1.90 Pass
Performance Group No. PG-3 (Long Period, 20’ Bay Width Configuration)

1008 4 S 390 [1260 | 1.40 | 1.41 | 1.97 | 152 Pass
™ | 1012 8 s | & 312 | 847 | 197 | 161 | 1.56 | 1.52 Pass
2 1014 12 S g 3.04 | 391 | 066 | 1.39 | 0.92 | 1.52 Fail

1021 20 S 277 | 400 [ 051 | 140 | 071 | 152 Fail
Mean of Performance Group: 3.21 1.29 | 1.90 Fail

Performance Group No. PG-10 and PG-14 (30’ Bay Width Configuration)
8 S| 1009 4 P ;é 249 | 1353 | 143 | 141 | 2.02 | 152 Pass
x
%? 3| 1010 4 S § 478 [ 1536 | 2.15 | 141 | 3.03 | 1.52 Pass
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Table 6-4 Summary of Collapse Margins and Comparison to Acceptance Criteria for

R/ECC Special Moment Frame Archetypes.

Design
Configuration

Eigenvalue, Nonlinear Static, Nonlinear

Dynamic Analysis Results

Acceptance
Check

: ;
% = 3 E) Q @ o LL < % < S =
K s |5|/8| ¢8| =|2| % |58 |83 |sf
n i S < &9 < o
Performance Group No. PG-5 (Short Period, 20” Bay Width Configuration)
- 2069 1 Pl . 321 | 176 | 1.70 | 1.33 2.26 1.52 Pass
© | 2064 > | p § 321 [ 2758|216 | 1.33 | 287 | 152 | Pass
3 p 2.89 2.40 1.52 Pass
Mean of Performance Group: 3.07 2.51 1.90 Pass
Performance Group No. PG-6 (Long Period, 20’ Bay Width Configuration)

1003 4 p 256 | 1382|137 | 141 | 1.93 1.52 Pass
© 1011 8 p | | 252 | 629 | 0.79 | 1.53 121 1.52 Fail
gf 1013 12 P g 266 | 433 | 068 | 142 0.97 1.52 Fail

1020 20 | p 228 | 346 | 080 | 1.36 | 1.09 | 152 Fail
Mean of Performance Group: 251 1.30 1.90 Fail

Performance Group No. PG-1 (Short Period, 20’ Bay Width Configuration)
_|_2061 1 | s | | 727 |2857|273| 1.33 | 363 | 152 | Pass
© | 1001 2 S § 533 |13.39 | 254 | 1.33 | 3.38 1.52 Pass

______ 3 S 4.58 2.67 1.52 Pass
Mean of Performance Group: 5.73 3.23 1.90 Pass

Performance Group No. PG-3 (Long Period, 20’ Bay Width Configuration)

1008 4 | s 380 | 1320 | 1.39 | 141 | 1.9 | 152 | Pass
™ 1012 8 s | & 307 | 811 | 1.86 | 161 2.99 1.52 Pass
& 1014 12 | s & [ 294 | 357 | 050 | 136 | 068 152 Fail

1021 20 S 298 | 3.10 | 0.79 | 1.33 1.05 1.52 Fail
Mean of Performance Group: 3.21 1.67 1.90 Fail

Performance Group No. PG-10 and PG-14 (30’ Bay Width Configuration)
=] x
o | 1009 4 P g 239 (1204|150 | 141 211 1.52 Pass
o a
3 3
g 1010 4 S S 4.55 859 [ 145 | 141 2.04 1.52 Pass
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6.3 Evaluation of Overstrength Factor

System overstrength factors are evaluated separately for RC, MX, and R/ECC frames.
Table 6-5 shows that perimeter frame performance groups PG-5 and PG-6 have lower
overstrength values than the space frame performance groups PG-1 and PG-3
overstrength values. Additionally, overstrength values of long period structures are lower
than the overstrength values of short period archetypes. It is also observed that the four-
story 9144 mm bay width design archetypes overstrength values are higher than the four-
story 6096 mm bay width design archetypes overstrength values. The results are parallel
with FEMA P695 methodology results for RC frames. These findings are also valid for
both MX and R/ECC models.

Due to enhanced properties of ECC, both MX and R/ECC model overstrength values
are higher than the RC model values. MX model values are 1.3 to 1.52 times and R/ECC
model values are 1.25 to 1.52 times higher than the RC model values.

Table 6-5 Average overstrength results of performance groups.

Performance | Framing Bay Period Frame Types

Groups Tvpes Width Domain RC MX R/IECC
PG-5 P 6096 mm Short 2.22 3.15 3.07
PG-6 P 6096 mm Long 1.78 2.53 2.51
PG-1 S 6096 mm Short 3.84 5.79 5.73
PG-3 S 6096 mm Long 2.12 3.21 3.21
PG-10 P 9144 mm Long 1.92 2.49 2.39
PG-14 S 9144 mm Long 3.32 4.78 4.55

6.4 Evaluation of Deflection Amplification Factor
FEMA P695 methodology defined Cq is derived based on the acceptable value of the

R and damping factors. The equation given by the FEMA P695 methodology is
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Ca=5 (6-1)
where Cg is the deflection amplification factor, R is the response modification factor and
Bl is a numerical coefficient for damping, which depends on the effective damping ()
and period of the system. £, is one of the critical parameters for calculating C4. According
to ASCE 7-05, the damping of structures should be determined “based on the material
type, configuration, and behavior of the structure and nonstructural components
responding dynamically at or just below yield of the seismic force-resisting system”
(ASCE 2006). Following the code definition, 8, of the RC, MX, and R/ECC models are
calculated below the yield point by means of reverse cyclic pushover analysis. Figure 6-1
illustrates the idealized energy dissipation area just below the yield point and the
damping factor is calculated as

f=—L5p (6-2)

2mEgp’
where Ep is the energy loss and, Es, is the maximum strain energy. Reverse cyclic
analysis is performed for the models and calculated values of £, are given in Table 6.2

below.

Resisting force

Deformation

Figure 6-1 lllustration of energy loss of system in a cycle and maximum strain energy
(Chopra 2007)
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Table 6-6 Calculated effective damping values of frames

Archetype | Story RC MX | RIECC

ID Number | Frame | Frame | Frame
2061 1 6.36 13.21 15.02
2069 1 7.78 10.21 11.98
1001 2 6.25 10.88 14.79
2064 2 7.00 11.49 13.61
1003 4 4.88 9.76 11.45
1008 4 7.09 11.06 13.00
1011 8 6.41 13.53 12.64
1012 8 5.52 11.39 12.46
1013 12 7.86 15.31 12.40
1014 12 6.66 12.33 12.65
1020 20 5.80 9.97 12.28
1021 20 6.26 9.66 11.66
1009 4 5.79 9.86 12,51
1010 4 6.12 10.65 13.74
Mean value 6.40 9.80 11.20

The FEMA P695 methodology assumed a critical value of g, equal to 5% and the
corresponding B is given by the Table 18.6-1 of ASCE 7-05 (2006) as 1.00 and therefore
for most systems Cgq is equal to the R-factor according to Equation (6-1). The analysis
results here shows that g, for RC frames is close to 5% as defined in the ASCE 7-05
(2006). On the other hand, the damping factors of RC frames and MX and R/ECC frames
are around 9% and 11%, respectively. Based on these findings, B, value is considered

equal to 1.06 for RC frames, 1.19 for MX frames and 1.24 for R/ECC frames.
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Chapter 7 Conclusions

7.1 Summary

In this thesis, seismic design parameters; namely, response modification, system
overstrength and displacement amplification factors are derived for reinforced concrete
moment resisting frames based on the procedure outlined in FEMA P695 (FEMA 2009).
Two different buildings designs are considered. These models are named R/ECC and
MX. In R/IECC, the concrete is entirely replaced with HPFRC. Today, HPFRC can be as
expensive as 4-5 times the cost of conventional concrete depending on the selection of
the mixture materials and fibers. Therefore, in the MX, to address the cost issue, only the
plastic hinge regions are built from HPFRC while reinforced concrete is used for the rest
of the buildings. Additionally, to validate the model design and quality, and to compare
the results with FEMA P695, RC models are also evaluated. 14 different frames are
modeled each of the RC, MX and R/ECC models. The seismic design factors are
quantified using the current code concepts, with the help of incremental dynamic
analyses and finally by means of risk assessment techniques.
7.2 Observations and Conclusions

Based on results of the nonlinear static and dynamic analysis, R/ECC and MX frame
types result with higher margin when compared to a conventional RC frame. For the RC
frames, the calculated average overstrength values for high seismic 6096 mm bay width
performance groups are 2.22 and 1.78 for perimeter frames (PG-5 and PG-6), 3.84 and
2.12 for space frames (PG-1 and PG-3). For MX frames, the calculated average
overstrength values are 3.15 and 2.53 for perimeter frames (PG-5 and PG-6), 5.79 and

3.21 for space frames (PG-1 and PG-3). These R/ECC frame overstrength values are
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close to MX frames overstrength values. Perimeter frame performance groups (PG-5 and
PG-6) computed values are 3.07 and 2.51, space frame performance groups (PG-1 and
PG-3) values are 5.73 and 3.21. Based on these results, it is observed that MX frames
static analysis responses are very close to R/ECC frames response and both have higher
overstrength compared to RC frames as expected.

The average ACMRs for each performance groups are also in favor of frames using
ECC. For the perimeter frame performance groups (PG-5 and PG-6) ACMRs are 1.55
and 1.06 for RC, 2.81 and 1.59 for MX and, 2.51 and 1.30 for R/ECC frames. For the
space frame performance groups (PG-1 and PG-3) ACMRs are 2.70 and 0.84 for RC,
3.12 and 1.29 for MX and, 3.23 and 1.67 for R/ECC frames. These results based on the
FEMA P695 methodology show that the seismic performance of the frames using ECC is
substantially improved compared to the conventional concrete frame design. In other
words, the margins of safety against collapse for MX and R/ECC frames are higher
compared to RC frames. Moreover, this trend is also valid for high seismic 9144 mm bay
width performance groups.

Some of the RC, MX, and R/ECC performance groups ACMR values did not meet
the FEMA P695 acceptable ACMR values. This is caused by the differences between the
ultimate roof displacements (d,) values of the frames defined in Haselton and Deierlein
(2008) and calculated values in this study. Table 7-1 gives the calculated ultimate
displacement and period based ductility values from static pushover analysis as found
here and those used values in FEMA P695 (FEMA 2009). It is seen from Table 7-1 that
several of the frames yield a lower ultimate displacement value in this study which results

in lower CMR values as a result of how the non-simulated collapse modes are treated in
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this study as compared to that in Haselton and Deierlein (2008). In addition, there are
significant differences in modeling approaches between the two studies. Here, a
distributed plasticity models with fiber-based beam-column elements are used; while,
Haselton and Deierlein (2008) use a lumped plasticity approach with rotational springs a
the beam-column joints. The differences in the CMR values are also attributed to the
differences in the modeling approach. These findings were important to illustrate the
sensitivity of the assessments using FEMA P695 methodology to the modeling approach.

Table 7-1 Comparison of ultimate displacement ,0, and period based ductility ,ur, values.

Model FEMA FEMA

P695 P695
ID

5u 5u HT UT
2069 2.68 7.7 8.65 14
2064 5.04 6.7 25.20 19.6
1003 4.14 3.8 17.25 10.9
1011 2.25 2.3 10.71 9.8
1013 1.71 2.6 6.33 11.4
1020 1.22 1.8 3.39 5.6
2061 8 1.7 38.10 16.1
1001 8 8.5 24.24 14
1008 4.03 4.7 13.00 11.3
1012 1.71 2.8 6.33 7.5
1014 1.23 2.2 4.24 7.7
1021 1.18 2.3 2.81 S5.7
1009 3.42 5 13.68 13.4
1010 3.25 5.6 8.33 13.2

The FEMA P695 methodology suggests that the system overstrength value (o)
should not be selected less than the largest average value of calculated overstrength
value. The largest average value for RC, MX, and R/ECC frames are 3.84, 5.79 and 5.73,

respectively.
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The C4 values are calculated based on Equation (6-1). For RC frames, FEMA P695
(FEMA 2009) recommends that the Cq4 values are equal to the R-factors. Results of cyclic
pushover analysis for RC frames show that the average inherent damping is equal to % 6
and Cq is equal to 0.94*R. This results match with the FEMA P695 suggestion that the
inherent damping is equal to % 5 for RC frames and Cy equal to R. On the other hand, the
results of the cyclic pushover analysis for inherent damping calculation shoved that the
Cq value can be taken 0.84*R and 0.81*R for MX frames and R/ECC frames respectively.

The results obtained here favor MX and R/ECC frames over conventional RC frames
with higher overstrength factors and larger margins against collapse. Based on these
results, the R value of 8 can be further increased for MX and R/ECC frames. In other
words, a higher level of safety is achieved against collapse for these frames.

7.3 Recommendations for Future Research

One of the limitations of this study is the lack of large scale experiments for the
verification of material properties, designs and final behavior of the HPFRC models.
Further verification of these results is needed through large-scale experiments. Moreover,
a detailed study on the effect of the panel region at the beam-column joints is needed.
The results in thesis are proposed as a basis for further research on seismic design of

HPFRC and multi-material buildings.
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APPENDIX

A. Nonlinear Static Pushover Analysis Results
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Figure A-1 Static pushover analysis results of 1D-2061.
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Figure A-2 Static pushover analysis results of 1D-2069.
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Figure A-3 Static pushover analysis results of 1D-2064.
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Figure A-4 Static pushover analysis results of 1D-1001.
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Figure A-5 Static pushover analysis results of 1D-1003.
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Figure A-6 Static pushover analysis results of 1D-1008.
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Figure A-7 Static pushover analysis results of 1D-1009.
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Figure A-8 Static pushover analysis results of 1D-1010.
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Figure A-9 Static pushover analysis results of ID-1011.
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Figure A-10 Static pushover analysis results of ID-1012.
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Figure A-11 Static pushover analysis results of ID-1013.
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Figure A-12 Static pushover analysis results of ID-1014.
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1020 (20-story frame)
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Figure A-13 Static pushover analysis results of 1D-1020.
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Figure A-14 Static pushover analysis results of ID-1021.
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