() =

I slamic Republic of Iran International I nstitute of Earthquake
Ministry of Petroleum Engineering and Seismology

Seismic Design Regulations

Oil industry facilities and structures

I
Edition 4

Publication 038 Deputy Minister for Engineering, Research and Technology
2023 The General Administration of the Technical,
Implementation and Project Evaluation System







Iranian Seismic Design Code for
Petroleum Facilities and Structures






In the name of God






A D &

International Institute of  Islamic Republic of Iran National Iranian Oil
Earthquake Engineering Ministry of Petroleum Company
and Seismology Deputy Minister for Research and Technology
Engineering, Research Management

and Technology

Seismic Design Regulations
for the Oil Industry Facilities
and Structures

Code Number 038 - 4" Edition

March 2023






In the name of God

Report Identification

Project Title: Updating of Seismic Design Regulations for the Oil industry
facilities and structures

Contract Number: 002-0099-081-244

Director of the Project: Dr. Mohammad Ali Goudarzi

Collaborators:Abdolreza Sarvghad Moghadam, Hamid Zafarani, Dr.

Mohammad Davoodi, Dr. Farhad Behnamfar, Afshin Kalantari, Omid Bahar,

Hossein Emamjomeh, Iraj Rahimi monjezi, Dr. Hossein Jahankhah, Ali Reza

Fayazi.

Project Reviewers: Dr. Syed Ramin Asad Sajjadi, Dr. Behrouz Asgarian,

Ali Bakhshi.

Project manager Organization: International Institute of Earthquake

Engineering and Seismology

Starting date according to the contract: 2021-03-05

Termination date according to the contract: 2023-03-20

Report Provided by: International Institute of Earthquake Engineering and

Seismology

Report submission date: March 2023

This report has been prepared for the research contract number 002-0099-
081-244 conducted between the research and technology management of the
National Iranian Oil Company and the International Institute of Earthquake
Engineering and Seismology, and the cost of the contract provided by the
research and technology management of NIOC.

Reviewers Signature Project Manager Signature:
Mohammad Ali Goudarzi
Seyyed Ramin Asad Sajjadi,

Behrouz Asgarian,

Ali Bakhshi






Ownership and list of partners
Permission to use the document
This documentary was prepared by the International Institute of Seismology and
Earthquake Engineering for the Research and Technology Management of
National Iranian Oil Company.
All the rights of this work belong to the Research and Technology Management
of the National Iranian Oil Company, and any reproduction of it, including
copying, electronic copying and translation of part or all of it, is subject to
obtaining the necessary permissions from this management.

Order Full name Position in the project

1 Dr. Mohammad Ali Goudarzi Project manager - Scientific Director
of the Committee

2 Dr. Abdolreza Sarvghad Moghadam D1regtor of the chapters 2 and 4
working group

3 Dr. Hamid Zafarani D1regtor of the chapters 3 and 15
working group

4 Dr. Mohammad Davoodi D1regtor of the chapters 5 and 6
working group

5 Dr. Farhad Behnamfar Director of the chapter 7 working
group

6 Dr. Afshin Kalantari Director of the chapter 8 working
group

7 Dr. Omid Bahar D1regtor of the chapters 9 and 10
working group

8 Dr. Hossein Emamjomeh Director of the chapter 11 working
group

9 Eng. Iraj Rahimi monjezi Director of the chapter 12 working
group

10 Dr. Hossein Jahankhah D1regtor of the chapters 13 and 16
working group

11 Dr. Ali Reza Fayazi Director of the chapter 14 working
group

12 Dr. Mohammad Hassan Baziar

13 Dr. Mansour Ziyaeifar Scientific reviewers by IIEES

14 Dr. Behrokh Hosseini Hashemi

15 Dr. Behrouz Asgarian Scientific reviewer

16 | Dr. Ali Bakhshi crentitic reviewers

17 Dr. Syed Ramin Asad Sajjadi Director of Industrial reviewers

18 Dr. Ali Taheri

19 Eng.Omid Afsharian Zadeh

20 Dr. Mehdi Dehghani Renani Industrial reviewers

21 Dr. Alireza Ghafouri

22 Eng. Hossein Sadeghi Moghadam




The working group of the chapter 2 and 4:

Dr

Dr

. Abdolreza S. Moghadam

. Hossein Agha Beigi

Eng. Masoumeh Farshbaf

Dr

Dr

. Atefeh Jahanmohammadi

. Farhad Behnamfar

(Director of the working
group)

Working group member

Working group member

Working group member

Working group member

The working group of the chapter 3:

Dr

. Hamid Zafarani

. Anooshiravan Ansari

. Mohammad Davoodi

. Mehdi Mousavi
. Alireza Zarrineghbal

. Mohammad Reza Soghrat

(Director of the working
group)
Working group member

Working group member

Working group member
Working group member

Working group member

The working group of the chapter 5:

Dr

Dr

Dr

Dr
Dr

. Mohammad Davoodi

. Faradjollah Askari

. Yaser Jafarian

. Meysam Fadaee
. Ali Lashgari

(Director of the working
group)

Working group member

Working group member

Working group member
Working group member

International Institute of

Earthquake Engineering
and Seismology

Perkaleh Consulting
Engineers

International Institute of
Earthquake Engineering

and Seismology
Road, Housing & Urban

Development  Research
Center

Isfahan  University  of
Technology

International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology
Arak University
International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology

International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology

Islamic Azad University
Consulting Engineers



The working group of the chapter 6:
Dr. Mohammad Davoodi (Director of the working
group)

Dr. Hossein Jahankhah Working group member

Dr. Farhad Behnamfar Working group member

Dr. Ali Ghanbari Working group member

Eng. Mohammadreza Working group member
Keshavarz

The working group of the chapter 7:
Dr. Farhad Behnamfar (Director of the working

group)

Dr. Mohammad Ali Goudarzi ~ Working group member

Eng. Al Tafazoli

Ardekani

Eng. Parisa Yazdanian

Reza Working group member

Working group member

The working group of the chapter 8:
Dr. Afshin Kalantari (Director of the working
group)

Dr. Farhad Behnamfar Working group member

Dr. Hossein Agha Beigi Working group member

Eng. Mahdi Saeidian Working group member

The working group of the chapter 9 and 10:
Dr. Omid Bahar (Director of the working
group)

Dr. Karim Laknejadi Working group member

International Institute of
Earthquake Engineering
and Seismology

International Institute of

Earthquake Engineering
and Seismology
Isfahan  University of

Technology

Kharazmi University
International Institute of
Earthquake Engineering
and Seismology

Isfahan  University of
Technology

International Institute of
Earthquake Engineering
and Seismology

Mahab Yazd Consultant

Engineers

Enerchimi
Company

Engineering

International Institute of

Earthquake  Engineering
and Seismology

Isfahan  University of
Technology

Perkaleh Consulting
Engineers

International Institute of
Earthquake  Engineering

and Seismology

International Institute of
Earthquake Engineering
and Seismology
Boom-Baft-Memar
Architectural
Environmental
Consultancy

and



The working group of the chapter 11:
Dr. Hossein Emamjomeh (Director of the working

group)

Dr. M.Reza Nikoomanesh Working group member

The working group of the chapter 12:
Eng. Iraj Rahimi Monjezi (Director of the working
group)

Dr. Mehran Seyed-Razzaghi Working group member

Dr. Mohammad Ali Goudarzi ~ Working group member

Dr. Mohammad-Ebrahim
Karbaschi

Working group member

The working group of the chapter 13 and 16:
Dr. Hossein Jahankhah (Director of the working
group)

Eng. Reza Mashouffard Working group member

Eng. Saeed majidi Working group member

Eng. Sepehr Nazari Working group member

The working group of the chapter 14:
Dr. Ali Reza Fayazi (Director of the working

group)

Dr. Hadi Moghadam-nia Working group member

Dr. Hossein Gholami Working group member

Eng. Javad Mahdavi Working group member

The working group of the chapter 15:
Dr. Hamid Zafarani (Director of the working
group)

Rahbord Development
Plants Opt. CO.
Rahbord Development

Plants Opt. CO.

National Iranian South
Oilfields Company

Islamic Azad University,
Qazvin Branch

International Institute of
Earthquake Engineering
and Seismology

National Iranian South

Oilfields Company

International Institute of

Earthquake  Engineering
and Seismology

Farasa Consulting
Engineering Co.

Kian petrochemical
company

International Institute of
Earthquake Engineering

and Seismology

Pars Oil and Gas Company
Saff Rosemond
Engineering &

Management Company
Iranian Offshore
Engineering and
Construction Company
Oil & Energy Industries
Development Company

International Institute of
Earthquake Engineering
and Seismology



Dr. Afshin Kalantari

Dr. Leila Etemadsaeed

Dr. Abdolreza S. Moghadam

Dr. Navid Kheirdast

Dr. Amin Rashidi

Dr. Mohammad Mokhtari

Dr. Anooshiravan Ansari

Scientific reviewers
Dr. Behrouz Asgarian

Dr. Ali Bakhshi

Industrial reviewers

Dr. Seyed Ramin Asad Sajjadi

Dr. Ali Taheri

Eng.Omid Afsharian Zadeh

Dr. Mehdi Dehghani Renani

Dr. Alireza Ghafouri

Eng. Hossein Sadeghi
Moghadam

Working group member

Working group member

Working group member

Working group member

Working group member

Working group member

Working group member

International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology
International Institute of
Earthquake Engineering
and Seismology

(Director of the working K. N. Toosi University

group)
Working group member

(Director of the working

group)

Working group member

Working group member

Working group member
Working group member

Working group member

of Technology
Sharif University of
Technology

Deputy Minister for
Engineering, Research
and Technology
National Iranian Gas
Company

Petroleum Engineering
and Development
Company (PEDEC)
National Petrochemical
Company of Iran
National Iranian Oil
Company

Deputy Minister for
Engineering, Research
and Technology






Acknowledgments

Hereby, it is necessary to thank the respected colleagues of the
International Institute of Seismology and Earthquake Engineering,
respected university professors, expert and capable experts of the oil
industry body and other authorities who have continuously cooperated
in the preparation and editing of the fourth edition. In addition, from all
the knowledgeable and resourceful managers, experts, specialists and
competent and capable consulting engineers, especially Dr. Sajjadi
(representative of Deputy Minister of Petroleum for Engineering,
Research and Technology, responsible for the group of industrial
reviewer), Dr. Moradi (representative of the respected Monitoring -
Research and Technology Department, National Iranian Oil Company),
Dr. Askarian and Dr. Bakhshi (respected academic Reviewers), and the
subsidiaries of the Oil Ministry and the Society of Consulting Engineers
(respected industrial Reviewers) who cooperated in the process of
preparing this version. They collaborated closely with the members of
the main group and by presenting their constructive opinions, they
contributed to the improvement of the Seismic Design Regulations of the
Oil Industry Facilities and Structures - 4th Edition. Their sincere
contributions are greatly appreciated.






Table of Contents

CHAPTER 1: PURPOSE.....ccccceteeressssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssese 1
i I U o To 1 SR UUPUR SRR 2
L 2, S COPE e e e e e e e e e e e e e aar i ————_ 2
G T B TE = { g T o = 1 LU 2
1.4. Structure of the Regulations........cccvvvviiiiiiiiiieeieeeeeeee e, 2
1.5, System Of UNIES ..oooiiiiiiiiie e 3
CHAPTER 2: COMBINATION OF LOADS.....ccccceeeeeeessssssssssssssssssssssssssssssssssssses 5
B R C =T o 1= - | RO OSSPSR 6
B B YV 1] o Yo ] KU 6
2.2. Combinations of [0adS.........ccoeeiiiiiiiiicieee e 7
2.2.1. Load combinations for allowable stress design.................ccoeeeeeeueennn.... 7
2.2.2. Load combinations for strength design ...............ccccceveeeeevveeeeeeceeaannn. 9
2.2.3. Seismic load effects and combingtions ...............cccccvcveeeevcvveeeceveaannnn, 10
2.2.4. Seismic Load Effects including overstrength ...............ccccovuveeeneeenn.. 12
2.2.5. Minimum Upward Force for Horizontal Cantilevers for Seismic Design
........................................................................................................................ 13
2.3. Load combinations for extraordinary events ........cccoovveeeeeeeiennnneen. 13
2.3.1. APPLICADIIEY .ottt ettt 13
2.3.2. Load COMDBINGLIONS ........ooeeeeeveeeiieeeiiaeeeieeeeiieeetiaaeeesivsaeeiisaeeeens 13
2.3.3. Stability REQUIIEIMENTS .........ooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeeeveaaeenn 14
CHAPTER 3: HAZARD ANALYSIS ..ccccciteiieeeessssssssssssssssssssssssssssssssssssssssssssssses 15
3.1 GENEIAl e 16
I B YV 1] o Lo ] K USSR 16
3.2, DefiNITIONS. .ccouiiieiiie et e 18
3.3, APPHCADIIILY oo 20
3.4. Categories of the Site-Specific Studies .........ccccceevvvvviveeieeieiieiiineen, 20
I B 0o | (=0 [0 o VA USSR 21
3.4.2. CALEGOIY B ..ottt ettt ettt ettt aa e e aaaaaan 21
3.5. Earthquake hazard levels............cooeeeeiieiiiniiiieieieeeeee e 21
3.5.1. First hazard level (operational earthquake) ...............cceeeveveeeveennenn.. 22

3.5.2. The second hazard level (design spectrum)................coceeeveveeeveevenn.. 22



b / Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

3.5.3. The third hazard level (Rare earthquake)...............cceeeeeeeeeeecveeeann.. 23
3.6. Selection of the ground motion model ............cccccvvviiiiiieeiniiieees 24
3.7. Hazard analysis proCeduUre .........ccccceeeeeviuveeeeeeeeeeiceeeeee e 25

3.7.1. General reqUIr@MENTS................eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieeeeaeaaeeeannns 25

3.7.2. Probabilistic NQzard QNAIYSIS .............ccceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieeaeeeaann, 26

3.7.3. Deterministic hazard QNQlYSiS.............coeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeen. 28

3.7.4. Disaggregation of seismic hQzard ...............cccccvceveeecvveeeeciraeesevaaennn, 29

3.7.5. Definition of Seismicity Source models..............cccceeveeeeeeveeeeeereaann. 30
3.8. Acceleration Design SPeCtrum ..........coovvvimvreiieieeiiiireeeee e 30

3.8.1. Uniform Hazard Design SPectrum ..............cceeeeveveeeecvreeeeeaeeecevaaenen, 30

3.8.2. Standard Design SPECtIUM ............cceceeeeeeeeiaeeeeiiaeeeciaeeesivaeeeiiraeesnenn 32
3.9. Risk-targeted SPeCtrUM .......ccuvvveeieeeeieeeeee e 35
3.10. General requirements for site response analysis.........c....ccceeuuuu.... 36

3.10.1. Acceleration time-history Selection ..............ccccveeeveveeeevvneeesiraaannnnn, 36

3.10.2. Calculation of the time history of the ground motion ........................ 37

3.10.3. Estimation of Ground Surface Response Spectrum............................ 37

3.10.4. Site Numerical Model Development................ccoveeeeeeeeeeeeeceeeeeeaeeeennn. 37
3.11. Special requirements for near field effects.......ccccoevvvveriiiiiiinnnnnen, 38

3.11.1. Directivity effects in probabilistic seismic hazard analysis................. 39
3.12. Vertical ground motion Spectrum ..........ccccccvveeeeiiiieeeiiiiee e 40
3.13. Estimating ground displacement at the fault rupture site.............. 42

CHAPTER 4: ANALYSIS METHODS ....cccccitiiiininenssssssssssssssssssssssssssssssssssssssoses 45
A1 GENEIAl oo 46

B.1.2. SYMIDOIS ...ttt ettt ettt s e e eaens 46
4.2. Irregular and Regular Classification.........ccocvveeieiiiiiiiiieeeiieieeieneen, 48
4.3. Seismic Importance Factor and Risk Category .......cccccvvveveveeeeeennnnn. 51
4.4.Seismic Design Cat@BOrY ......uuueeeeeeeieeeeeceeee et 52
4.5. Structural Systems and Seismic Factors .........ccccccoevvvnvveeeeeeeeiecnnnnen. 53

4.5.1. Structural System Selection, Seismic Parameters and Limitations....... 53

4.5.2. Combinations of Framing Systems in Different Directions................... 54

4.5.3. Combinations of Framing Systems in the Same Direction.................... 54
4.6 New Structural SYSTEMS.........coviiiirieieee e 59
4.7 Redundancy Factor, P, 60

4.8. Direction of LOGAING ..eevveiiiiiiiiieieeiee e 61



Table of Contents /¢

4.9. Modeling Criteria.......cooovveiiiiiiii e, 63
4.9.1. Structural MOdeling...............ooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeieeeeeereaaeeenn 63
Wi A W = =Tl xS 64
4.9.3. Infilled Frames and Interaction Effects...........ccooeeeevveeeeeeceeeeceeeaann. 64
4.9.4. Effective Seismic WeIght .............ooeeeeeeeeeeiieeeeeieeeetiaeeeieaeeeiaaeeen 64

4.10 Equivalent Lateral Force (ELF) Procedure..........ccccoevuvveereeeeeieennnnnen. 64
O B -1 1-1 4 | SRS 64
4.10.2 S€ISMIC BASE SNEQAN .......occeeeeeiveereeieeeeesireeiveesiresisesiseesivseasisesnns 65
4.10.3. Period DeterminGtion ...............ccceeceeeeeeeeceveeeeieireeesiisaesiierseesirevaeesnens 66
4.10.4. Vertical Distribution of S€iSmic FOICes ............cooueeevveeeeeveeeeeereaaannn. 68
4.10.5. Horizontal Distribution Of FOICES...........ouueeeeveeeeeeeeeeeeeeaeeeereeaennn. 68
4.10.6. INNEIENt TOISION .coeeeeeeeeieeeeeeeeeieeeeeeeeeteeeetaaeeesisaaesssisaeesees 69
4.10.7. OVEITUINING .ottt e e 70
VORI o) Vi D R 70
4.10.9. P-DeltQ EffECtS .....eoeeeeeeeeeeeeeeeeeeeee et 71

4.11. Linear Dynamic ANalySis ........cocvvvvveeeieeiiiiieeeeeee e 72
O B -1 11 4 | SRS 72
4.11.2. Modal Response PArAMELErS...........ccceeeeeveeeeeiraeesiiaeeesiraeesievnaeesrenn, 72
4.11.3. NUMDBEI Of MOUES ...ttt 73
4.11.4. Combined Response PArameters.............coceeeeeeeeeeeveeeeeeeeeaeeeereaaaannn, 73
4.11.5. 5CAliNG Of RESPONSES ......coeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeaeaaeeeennns 73
G106, TOFSION ..ttt e e e 73
O A O 1V = 4 (V[ 4 1 [ Lo RSP 74
TN (o] VA D ) USRS 74
4.11.9. P-DEIA EffECLS ..vveeeeeeeeeeeeeeeeeeeeeeeeeeeeee ettt 74
4.11.10. Soil-Structure Interaction Effects ...........oocuuuevueeeeeveeeeeeeeeeeeeeaeannn. 74
4.11.11. Structura@l MOAEliNG ...............ueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeaeaaeeeaenns 74

4.12. Time-History ANAlYSis .........cooeviiiveiieieiieccieeeee e 75
O B -1 1-1 4 | SRS 75
4.12.2. Linear Response History ANGIYSIS ........cccccveeeevvveeeiiiaeeeciiaeesvaaennn, 75
4.12.3. Nonlinear Response History ANGIYSiS ...........ccooveeeeeeveeeeeeeeaeeeeeaann. 78

4.13 Diaphragms, Chords, and Collectors .........ccccccveieeeciiieeniiieeeeeene. 79
4.13.1. Design DiQPAIAGIMS ........coeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaaeeeeaeeanns 79
4.13.2. CONECEON DESIGN ......eeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeetteeaaaaneeenans 80
4.13.3. Increase in Forces Caused by Irregularities ...................ccoouveeevuveen.... 81

A, 14, SErUCTUTAl WIS <. 81



d / Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

4.14.1. Design for Out-0f-Plane FOICesS.............cccvcveeeecveeeeiiraeesiiaeeeciraeanenn, 81
4.14.2. Anchorage of Structural Walls and Transfer of Design Forces into
Diaphragms or Other Supporting Structural Elements.................cccoeveue..... 81
4.15. Drift and Deformation .........ccceeeceieeiie e 82
4.15.1. Additional Requirements for Computing Displacement and Drift ...... 83
4.15.2. Structural SEPArGtioN ............ccooeeeeeeeeeeeeeeieeeeeieeeeeeieaeeeeeeeeeeeieeeeeaeen 84
4.16. Reduction of Foundation OVerturning ..........cccccoeevvveveeeeeeeeiecnnnnnen. 84
4.17.BaSE LEVE ..ot 85
4.17.1. Elements that are not part of the lateral resisting system................. 85
CHAPTER 5: EARTHQUAKE GEOTECHNICAL HAZARDS......ccccceetiiencncncncnnnes 87
5.1, INTrOdUCTION ..eeiiiiieeeeee e e e e e e aee e e 88
I YV 1] o Lo ] KRS 88
5.2.Surface fault FUPLUIE ........oooeirieeiiec e 89
5.2.1. INErOAUCEION ...ttt et eisaessaessisenssnas 89
5.2.2. ANQIYSIS QPPIOACH ........oooooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeaaaaeeeeinns 90
5.2.3. Engineering measures to reduce the effects of fault rupture............... 91
5.3, LIQUETACioN ..o 91
5.3.1. SEISINUC V...t ea e 92
5.3.2. Liquefaction potential asseSSMeNt .............cccceeveeeeeeeveeeeeeeeeeeeeeeaaennn, 93
5.3.3. LiQUefaction €ffeCts .........cuuueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeaeeeeaa e 95
S - o Vo [ T [P RRRRRRTN 96
5.4, 1. INErOAUCTION ..ottt ttaeestsaeestvaaeessens 96
5.4.2. Analysis APPIrOGCH .......ooceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeetaa e 97
5.4.3. Mitigation of the hazard ...............cccveveeeeeeeeeecieeeeiaeeeciiaeeeveeeeenn, 98
CHAPTER 6: SOIL STRUCTURE INTERACTION....ccccceteterenessssssssssssssssssssssssone 99
6.1, INErOUCTION c...eeiiiiieiie et e 100
L B R Yolo ) o1 - N 100
6.1.2. DEFINILIONS ......eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaaeeeeeeevaeaaaen 101
6.1.3. SYMBOIS ...ttt eeeeraaaaaean 102
6.2. Seismic Demand in Soil-Structure Systems ........ccccovvveeriiieiicnnnen. 105
6.2.1. Equivalent lateral force anQlysis..............coceeeeeeeeeveeeeeeieeeeeieeaeannn. 105
6.2.2. Linear dynamic QNAIYSIS............cccceeeeeeeeeeeeeeeeeeaeeeeeeeeieeeeeeeeeeeereeeann. 106
6.2.3. Nonlinear time hiStory QNAIYSIS ...........ccoveeeeeeeeeeeeeeeeeeeeeeeeeeieaeen 107

6.3. Foundation Damping Effects .......cccccoovvviveiiiiiiiiiieeeee e 108



Table of Contents /e

6.3.1. Requirements for determining the foundation damping ................... 108
6.3.2. Effective damping...........ccccccuveeeveesieesiiesiieeiieesieeeiseaisessiseesiisennanns 109
6.3.3. Radiation damping for rectangular foundations............................... 110
6.3.4. Radiation damping for circular foundations ...............cccocvveeevvennn.... 112
6.3.5. SOl AAMPING ...ttt steessaeeisesinns 114
6.4. Flexible Foundation Effects ........cccevveeeiiienciiecie e 114
6.4.1. Determining the rigidity of single and mat foundations .................... 114
6.4.2. Determining the rigidity of strip foundation .................ccccueeeeueeenn..... 115
6.4.3. Stiffness of equUIVAIENTt SPIiNGS ...........cceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieeaeenn, 115
6.5. Base Slab Averaging and Embedment (Kinematic) SSI Effects....... 118
6.5.1. Base SIab QVEraging............ccceeeeeeeeeeeeeeeeeseeeeeeeeeeeeeeceeeeeeirereeaiannn 119
6.5.2. EMBEAMENL ...ttt eevaestseeiseeanns 120
6.6. Fluid-Soil-Structure Interaction for OilStorage Tanks .................... 120
CHAPTER 7: NONBUILDING STRUCTURES .....cccceetiiiinnnnnsssssssssssssssssssssssane 123
7.0 GENEIAL it 124
7.1.1. Scope and general reqUIr€MENtS...............ccccueeeeeeeeeeeeceeeeeseeereecrennnn. 124
7.1.2. S€ISIMUC ACSIGN .ooooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeeeeeeeereaaaaaaen 125
7.1.3. Selection of the structural analysis method ..................cccccvvveeunnn... 126
7.2. General design requIiremMeNnts..........ccooevvevveeeeeeeeeeeiiieeeeee e 126
7.2.1. System selection and design parameters ............ccceeeeveveeevvevecnne... 126
7.2.2. Mlinimum DasS@ SREQAN ............cccovveeeeeeeiiesieeeieeeesieeieeiaesieeaienn 131
7.2.3. Distribution of the lateral forces in elevation....................ccuueeeuun..... 132
7.2.4. Considerations Of tOrSiON ...............cceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeevveeeeaaeenn, 132
7.2.5. IMPOIrtaNCe fACLON..........ueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaaaaann 133
7.2.6. Rigid nonbinding StrUCLUIES.............cccceeeeeeeeceeeeeereeeeeeeeeeeecieeeaerennn, 133
7.2.7. Effective SeiSmiC WEIGAT ..............oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeveeeaaaeann, 134
VR A T4 (o o SRR 134
7.2.9. Relative and lateral displacements ..............ccceeeeveeeeeveeeeeeceeeecnnnn. 134
7.2.00. TRE P-L €ffECL coooaneeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeaaeeeeevvvaaaaan 135
7.2.12. Structures mutually connected by nonstructural elements.............. 136
7.2.13. Non-building-like structure on a support structure........................... 136
3 B Y Tl 1 Lo SRS 137
7.2.15. Foundations on liquefiable ground...................cccovveeeeeveeeeeeceeeeaannn. 138
7.3. Specific requirements for building-like structures.......................... 138

7.3.0. PiC FACKS ...ttt eetaaeeseieaaaens 138



[/ Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

7.3.2. 5teel StOrAQE FACKS .......eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeevvaaaan 138
7.3.3. Support structure of tanks and VesSels..............cccoveeeeeveveeeveeeecnnn. 139
7.4. Specific requirements for non-building-like structures ................. 139
7.4.1. EQrth ret@ining Walls ............coceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeecveeeeaaeenn, 139
7.4.2. Stacks and their SUPPOrt StrUCLUIES...........cccueeeeeeeeeeeeeeeeesereeeaenenn 140
7.4.3. Cantilever walls or fences supported on ground ................................ 140
7.4.4. Tabletop reinforced concrete structures for rotating components and
tanks and vessels of the process liNe ...............ccoeeeeeeeeeeeeeeeeeeeeeeeeeceeaeennn, 140
Tl 5 TOANKS ..ottt ettt e et e e isaestts e st aastsaasssseasssensssanns 141
7.4.6. Hydraulic structures submerged in liquid .................cccoeeveeeeeeeeeeeann.... 142
7.4.7. Boilers and presSsure VESSEIS .............ccceeeeeeeeeeeeeeeieeeeeeeeeeeveeeeeeienann, 143
7.4.8. Horizontal storage vessels on saddle supports ..............cccceveveeunnn.. 144
CHAPTER 8: NONSTRUCTURAL COMPONENTS ...cccceteeenenennscssssssssssssssssons 147
8.1 GENEIAl i e 148
2 B B Yol ] o -SSR 148
8.1.2. DESINITIONS ....eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeetaaaeeeaasssvenns 150
B.1.3SYMBDOIS....ooooeoeeeeeeeeeeeeeeeeeeeeeee ettt eeairrreanns 152
8.1.4. Seismic deSign CALEGONIES ..........uuueeeeeeaeeeieeeeeeaeeeeeeeeeeeeeaeeeeiieeaenen 153
8.1.5. Importance factor of nonstructural component..................c..oc........ 154
8.1.6. Prefabricated modular mechanical and electrical systems................ 154
8.1.7. Specific requirements of manufacturer ................cooweeeevveeeecvevennn. 154
8.1.8. Application of the requirements of nonstructural components for
NONDINAING SETUCLUIES ......oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaaaeeeeaeeasasen, 155
8.2. General design reqUIremMents .......ccccceeeeeeeeeinreeeeee e eeeeeins 155
8.2.1. Construction dOCUMENTS.............oveeeeeeereeeiireeeiiieeeeiireeeciiseesiisaeesaes 155
8.2.2. LoAd COMDBINQALIONS ..ot eeaaeetiaa e 155
8.2.3. Exclusive requirements of unconventional systems ........................... 156
8.2.4. Special seismic certificate for specific nonstructural components ..... 157
8.2.5. SUCCESSIVE fQUIUIE .......ccceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeaeeeaavaeen 157
8.2.6. Capacity determination based on test or empirical observations...... 158
8.2.7. Characteristics of the seismic response of nonstructural component 158
8.3. Seismic demands of nonstructural components........cccccvvveeeeennns 159
8.3.1. The equivalent lateral load method ................ccccoeveeeeeeeceeeaeeeaaannn. 159
8.3.2. The comprehensive interaction method..............ccceeeeeveveeecvveannn.. 163

8.3.3. Nonlinear dynamic QNQlYSiS............cccoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieennan, 166



Table of Contents /g

8.3.4. Relative diSplacement ..................ooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieeeeeeeeeiainn, 171
8.4. Period of nonstructural component........ccccovveeiiiiiiiiiiiieeieeeeeens 172
8.5. Anchor of nonstructural component..........ccccceeveiiiiiiiiiieeieeeeeien, 173

8.5.1. General requirements Of ANCAOK ............oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaenn, 173

8.5.2. Anchor design reqQUIr€MENts ..............ceeeeeeeeeeeveeeeeeeeeeeeeieeeeeeeeeeasnan. 174
8.6. Special requirements for architectural components ..................... 174

N I B G- 114 | SRR 174

8.6.2. Special design requirements for suspended components .................. 174

8.6.3. Vertical deformation due to rotation of connections......................... 175

8.6.4. Exterior nonstructural wall and its connections....................c............ 175

8.6.5. Out-of-plane Bending ...............cooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeen, 176

8.6.6. FAISE COIING ...ttt eeeiea e 176

8.6.7. ACCESS flOON ...t eeeeeeaaeeeeassseeens 177

8.6.8. PAILITIONS ..ottt 178

8.6.9. Glass cladding and Walls ..............ccceeeeeeeeeeeeeeieeeeeeeeeeeeeeeeeeea 178

8.6.10. Stairways and eSCAPE FAMPS ............eeeeeeeeeeeeeeeeeeeeeeeeeeeiiireeeeeeeesaesan, 180

8.6.11. Stair roof and roof-top StrUCLUIES ..............ccceeeveeeeeeeeeeeeireeeeaeeeaeann, 180
8.7. Special requirements for mechanical and electrical components. 181

A B C =11 1-1 4 | SRS 181

8.7.2. Mechanical COMPONENLS ............ccooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaian, 182

8.7.3. Issuing seismic certificate for cooling, heating and air ventilation

(HVAGCR) SYSEEM ..ttt ettt e eeesesaaasssans 182

8.7.4. Electrical COMPONECNLS ..........eveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeeaiae, 183

8.7.5. SUPPOrts Of COMPONENLS......cc..eeeeeeeeeaeeeeeeeeeeeeeeeeeeeeeeaaeeeieaaen, 184

8.7.9 Support and deck structures of components.............cccccvveeevvevveannen. 185

8.7.7. Supports of the distribution SYStem...............cccoveveeeeeeeeeevvvveeeeeeeeaann, 185

8.7.8. DiStriDULION SYSTOMS ...ttt aeeeiieaeeens 186

8.7.9 Electrical distribution SYStEMS ..............eeeeeeeeeeeeeeeeeeeeeeeeeeeiieeeeeeeeeeenn, 186

8.7.10 CANQUS ..ottt aesta e 186

8.7. 11 PiIDES ettt ettt ettt e et e e ettt e sttt e et e nntaenes 187

B.7. 12 ULIlItY lIN@S ...t eeeetaaaaeeeaeesasens 187

8.7.13 Elevators and eSCAIQtOrS............oueeeeveeeeeieeeeciaeeetiiaeeeiaeeeeiaaeeren 187

8.4.14 Other electrical and mechanical components.................cccceueeuen.... 188

CHAPTER 9: SEISMICALLY ISOLATED STRUCTURES .....ccccceiieicncncncncncnnnnnes 189



h / Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

9.1, 1. DESINIEIONS ..ottt eeeetssaeeaaeeannans 190
9.1.2. SYMDOIS ...ttt ettt iaees 191
9.2. General Design RequUIirements..........oooovvvvveiiiiiiiiiiiiiiiie 195
9.2.1. IMPOIrtANCE FACLON .....oeeeeeeeeeeeeeeeeeeeeeeeeeettteeeeeaeeetttttteaeaaaaasssssnans 195
9.2.2. CONFIQUIALION ...ttt eeteaaeeaes 195
9.2.3. RedUNAANCY FACLON ..ottt eeeeeaeeans 195
9.2.4. ISOIQEION SYSEEM .......eveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeeaaeeaenan, 196
9.2.5. StIUCEUIQI SYSTOMY ...ttt 198
9.2.6. Structural Elements and Nonstructural Components......................... 199
9.2.7. Seismic Load Effects and Load Combinations.................cccccuveeevvennn. 200
9.2.8. Isolation system ChQracteristiCs .............covveeeeeveeeeeeieeeeeeeeeeeeereaaann, 201
9.3, S€iSMIC hAzard ........oovieeiiie e 206
9.3.1. Spectral Response Acceleration Parameters and Response Spectrum
...................................................................................................................... 206
9.3.2. Ground motions for response history analysis ...............ccccoueeeeuuenn. 206
9.4. Analysis Procedure Selection........cccccevvveiiiiiiiiiiiiii 206
9.4.1. Equivalent Lateral Force procedure.................ccceeveeeeeeeeeeecvvvreeeeaannn. 207
9.4.2. DYNAMIC PrOCEAUIES ..........veeeeeeeeeeeeeeeeeeeeeeteteeeeeieeeeseieeaeeans 208
9.5. Equivalent Lateral Force Procedure ...........ooovvvevveiiiiiiiiiiiiiinin 208
L I B C 11 1T o | RS 208
9.5.2. Deformation Characteristics of the Isolation System......................... 208
9.5.3. Minimum Lateral Displacements Required for Design....................... 209
9.5.4. Minimum Lateral Forces Required for Design ..............cccccovuveeevuvenn. 211
9.5.5. Vertical Distribution Of FOICe..........cuuoueeeeeeeeeeeeeeeeeeeieeeeeeieeeeeerieaeaa, 213
O.5.6. DIUft LIMULS oottt eeeeesaaaaaaenaenan, 214
9.6. Dynamic Analysis ProcedUres...........ooovvveiiieeiiiiiiiiiiiiiiiii 215
9.6.1. GENEIQI ...ttt a ettt e e tteetaa et a e e s aeiseeaes 215
9.6.2. MOACIING ..ottt e et 215
9.6.3. Description Of PrOCEAUIES.............cceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeevieveeeaaneanns 216
9.6.4. Minimum Lateral Displacements and Forces ...............ccccevueeeeueeen.... 218
O0.7.DeSIBN REVIEW ..ottt e e e e e eeeens 220
.8, TOSHING ettt e 220
L B C =1 1T o | RS 220
9.8.2. ProtOtYPE TESTS....ceveeeeeeeeieeeeeeeeeeeeeeeeeteteeeeeeeetataaatatataaaaaaaaaaaaaaaaaaaaaaann, 221
9.8.3. Determination of Force-Deflection Characteristics ............................ 225

9.8.4. Test SPecimen AACQUACY ...........eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeiieeeeaaaeeenns 226



Table of Contents /i

9.8.5. ProdUucCtion TESES ......ccccvveeeeieeieeeiieeeeeeeeeete e eae e 228
CHAPTER 10: STRUCTURES WITH DAMPING SYSTEMS.....cccceeeeeececncnceccs 229
10.1. GENEIAl oo 230
O O B D =4 1 T4 (o ¢ SR 230
J0.1.2. SYMBOIS ..ottt esttesttestiaastaasisasssssssesssssssessenss 231
10.2. General Design ReqUIremMents.......cccveveeeeeeieiiiieeeeeeeeeeeeireeeeeeeenn 238
10.2.1. SYStem REQUITEMENLS .........eeeeeeeeeeeeeeeeeeeeteeeteeeeeeetesesessssssssssssssssssssnns 238
10.2.2 S€iSMIC HAZAIA ...t 240
10.2.3 Procedure SEIECLION ...........cveeceeeeeireeiieeveetiresiieeiveesivaesiseeisseeanns 240
10.2.4 DAMPING SYSEOM ......eeeeeeeeeeeeeeeeeeeteeeteteeessssssesssssssssssssssssssssssssssns 241
10.3. Nonlinear Response History Procedure ........cccevveeeeeeveeveeeeeennnn.. 245
10.3.1. Damping Device Modeling .............ccoeeeeeeeeeceeeeeeeeaeeeeeeaeeeceeaeenn, 246
10.3.2. Accidental Mass ECCENTIICITY .........eveeeeeeeeeeeeeaeeeeieaeeeceeeeeecieaeeeen 246
10.3.3. RESPONSE PAIrAMELEIS .......eeeeeeeeeeeeteeeeeeeeeeeetteeeeeeeesviitiseesasasesanns 247
10.4. Seismic Load Conditions and Acceptance Criteria for Nonlinear
Response History ProCeAUIE ...........coovvvivveeiiiiieeiiiieeeeee e 247
10.4.1. Seismic Force-ResSiSting SYSEEM ........eeeeeeeeeeeeeeeeeeeeeeeececeieceieiesieeann, 247
10.4.2. DAMPING SYSTOIM .....eeeeeeeeeeeeeeeeeeeeeeeeeteeeseesssesssssssssssssssssssssnsssns 248
10.4.3. Combinations of LOAA EffeCtS .........ueeeeeeeeeeeeeeeeeeeeeeeeaeeeieeaean 248
10.4.4. Acceptance Criteria for the Response Parameters of Interest ......... 248
10.5. DESIEN REVIEW.....uniiiiiiieeeeeeee ettt 248
10,6 TESHING e e e e e e e e e et e e e e e e e e eeaaaaees 249
O R CT=T =] 4o | USSR 249
J0.6.2. ProtOtYPE TESTS.....eeeeeeeeeeeteeeeeeeeeeettteeeeeeeeeeettteeeaaasasssastaseasasasens 250
10.6.3. ProdUCEION TESES .....ooeeeeeeeeiieeeieeeeiseeeteeettaeeeeiseeessisaeasssann 256
10.7 Alternate Procedures and Corresponding Acceptance Criteria .... 257
10.7.1. Response Spectrum ProCedure ..............ueeeeeeeeeeeeeeeeeeeeeeeireeaeannnn. 257
10.7.2. Equivalent Lateral Force Procedure...................cceeeeevveeeeeeeeeeevreenn... 263
10.7.3. Damped Response ModifiCation ..............cccoveeeeeeeeeecvceeaeeieeaann. 270
10.7.4. Seismic Load Conditions and Acceptance Criteria for RSA and ELF
PrOCEAUIES ...ttt ettt staasiaeaiaeassae e 275

Element forces determined in accordance with Section 10.7.4.5, using a
value of 1.0 for Qo, do not exceed the strength required to satisfy the load
combinations Of SECLION 2. .. ..coooiieeeeeeeeeeeeeeeeeeeeeeee s 280



Jj / Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

CHAPTER 11: CHIMNEY, STACK AND FLARE ....ccccctttiiininennsnssssssssssssssssssane 281
11.1. General considerations..........ccceevueeiriieniieenieee e 282
11.0.1. DEFINILIONS ...ttt eeesesaaaaeeann 282
11.0.2. SYMDOIS ...ttt ettt se s rea e 282

i 01V o o 1= 1 o = 2SRRI 284
11.3. Analysis Methods........cccuvveeiiiiiii e 285
11.3.1. Equivalent lateral load method (simplified method)........................ 286
11.3.2. DYNAMUC ANQIYSIS c......eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteaeeeeetvaaaaen 289
11.4. DeSIZN Criteria..uuue e e it e e e e e e e eaaaaaaes 290
11.4.1. Overturning CONIOl ..........uueeeeeeeeeeeeeeeeeeeeeeceeeeeeeeeeeeeeeeeeeireeaeaeren 290
11.4.2. Displacement CONLIOL.............cceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieeveeaann 290
11.4.3. Load COMDBINGLIONS .......eeeeveeeieeeiieeeieeeeieeeeiiaeeeiaaeesivae e 290
11.4.4. Detailing and design considerations .................cccoveeeevvveeevereveennne. 291
CHAPTER 12: TANK . ccitittttiiisesssssssssssssssssssssssssssssssssssssssssssssssssssssssssrsreserene 293
0 B C =T o 1= | SRR 294
12.1.0. DEFINTEIONS ....eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaaeeeeeveaaaaen 294
J2.0.2. SYMBDOIS ..ottt eetreaerinann 296
0 G B Yoo o -SSR UPPRTNE 300
12.1.4. Performance GOQIS............uuceeeeeeeeeeeeeeeeeeeeieeeeeeeeeeeecieeeeeeiiereeaiasenn 300
12.1.5. SiQUfiCANT fOCLOIS ..ottt eeeeraaaeaenn 300
12.1.6. Tank categories and iMPOrtaNCe..............ccceveeeeeeeeeeevveeeeeeeeeeeveeen.. 302
N B 0 Lo [ 4] ] o [N 303
12.1.8. Method Of QNQIYSIS ........oueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeiaaeaeeenn 303
12.1.9. Site-specific S€ISMIC StUAY ............eveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieveannn 304
12.1.10. SOil-Structure iNteraction ................cccveeeeveesivresiveesveesreesivressevenann 306
12.1.11. DeSigN PrOCEAUIE.........ooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeieeeeeeiresaeaaaeenn 306
12.2. Above-ground steel cylindrical tanks .........cccccvvvvveeeiiiiiiiiiinnn. 309
12.2.1. Period Of VIDIQtiON ..........ooeeeeeeeeeeeeeeeeeeeeeaeeeeeeeeeeaeaeeeeeeveveannn 309
12.2.2. Spectral response acceleration..................cccoceeeeeveeeeevveeeeeeieveeannnn. 311
12.2.3. 5€iSMiC d@SiGN fACLOIS ......oveveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeiveeann 311
2.2.4. D@SIGN ...eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeetteetesetesst et ssssssssssastnssssans 312
12.2.5. Resistance to design 10AdS ..............cccceeeeeeeeeeeeeeeeeeeeeeieeeeeeieaeeann. 317
12.2.6. Detailing reqUIir€MENtS...............eeeeeeeeeeeeeeeeeeeeeeeeeeieeeeeeeeeeevevveeneann. 323

12.3.1. Tanks With rigid WallS .............oceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeerveeannn 328



Table of Contents /k

12.3.2. Circular concrete tanks prestressed with wire, strands or tendons . 329

12.4. Elevated tanks.........coooieiriiiiiiieiiee et 329
12.4.1. Strength and dUCLIlItY .............oeeeeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeeaeeen 329
12.4.2. GENEIQAI ...ttt sea e 330
12.4.3. EffEeCtiVE MASS ...ttt eeeaseaaaesann 330
12.4.4. P-DeItQ €ffECLS ...ttt e 330
12.4.5. Lateral load transfer to support structure................cceeeeeeeeeeeenee.... 331
12.4.6. Structures sensitive to buckling failure.................coceeeeveveeevveeannn. 331
12.4.7. Elevated Water taNKS ..........c.ceceveeeveesiresireeiveesieeeisesivaesssesisennns 332
12.4.8. Elevated water tanks on concrete pedestal support ........................ 332

12.5. Pressure vessels, boilers and spheres ........ccccoovvvveeieeeeiiciivveennenn. 332

12.6. Overturning and sliding stability ........cccccccoeevviiniiiiieiiiieeeeee, 332

12.7. Tank foundations.........cccuiiiieiiie e 332
N A B -1 =1 o | SR 332
12.7.2. Foundation loads for steel cylindrical tanks .....................ccuuue....... 333
12.7.3. Sliding resistance in steel flat-bottomed tanks .................c............. 333
12.7.4. Granular berm foundation without ring-wall................................... 333
12.7.5. Granular berm foundations with ring-wall.................ccccceeueen....... 333
12.7.6. Mat foundation for aboveground tanks..............ccceeeeveveeevvveennne.. 333

12.8. Secondary containmMeNt...........eeuvueeeeeeeeeeieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeens 333
J2.8.1. TR NEEM ...ttt saesiaesaaenniens 333
J2.8.3. GENEIQA ...ttt teesteesta ettt esisaessssesssnn 334
12.8.3. FIEEDOAIT ...ttt 334

12.9. FUrther reqUIr€mMENTS .......coeeiieiieiiiieeeee e 335
12.9.1. Self-ANChOIed tANKS ..........cc.eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeen 335
12.9.2. Uplift estimation procedure (Non-mandatory) .............cccueeuee.... 335
12.9.3. BUII@A EANKS ...ttt aiaesaa e 341
12.9.4. Base-iSolated taANKS ............ceeeveeeeveereeiaesieesieeieesiaeeireeiveeinn 342
12.9.5. Corrugated Stel tANKS ..........cooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeivveann 343
12.9.6. PlOSHIC EANKS.......veeeeeeeeeeeeeeee ettt aiaesiaenaiens 343
12.9.7. Low-temperature liquid storage tanks ..............ccoveeeeevveveeevcreveennn. 343

CHAPTER 13: PIPELINE SYSTEIMS ....cccitiiiiiiininsssssssssssssssssssssssssssssssssssssssses 351

13.1. GENEral NOLES cooeiieee et 352

13.1.0. DEFINTEIONS ...t aeeeeeaaaaaaen 353

13.0.2. SYMBDOIS ettt eetereaerinann 353



1 / Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

13.2. RiSK CAtEEOIY ...eiiiieiiieeeeee e e e 357
13.3. BUFiEd PiPEIINES .....ceeeiiereeeeee e 358
13.3.1. Analysis for seismic waves using the equivalent seismic load method

...................................................................................................................... 363
13.3.2. DYNAMUC ANQAIYSIS ...t 365
13.3.3. Analysis for permanent displacement due to fault rupture ............. 365
13.3.4. Analysis of the effects of landslides..................cccoeeeeveeeeeeeeeeeeneen... 369
13.3.5. Analysis of the effects of liquefaction ...............cccoveeeeevvveeevveeanne, 371
13.3.6. Analysis for permanent displacements induced by liquefaction and
Lo 1o K Lo L= RS 373
13.3.7. Modeling of buried pipeline using equivalent soil spring ................. 378
13.4. Above-ground Pipelines ..........coovvvimeeiiiiiiiiiiiieeeeee e 382
13.4.1. The equivalent seismic load method ................ccccoveeveeeeeeeeeeecnnnan... 383
13.4.2. DYNAMUC QNAIYSIS ...t 383
13.4.3. Analysis under the effect of fault rupture ...............ccccueeeeeuveennn.. 383
13.4.4. Analysis under the effect of landslides ...............ccccovvvveeeeeeeeeeeennnn... 384
13.4.5. Analysis under the influence of liquefaction .................cccceeuvevenn..... 384
13.4.6. Seismic design of above-ground pipeline ..................ccovueeeevvvvnn.... 384
13.5. Pipeline resting on the support structure ...........oovvvveveeeeeeeennnn... 387

CHAPTER 14: RECOMMENDATIONS FOR SEISMIC DESIGN OF FIXED STEEL

OFFSHORE PLATFORIMS........cccooimnmmmnnniiccsssscssassssscsssssssssassssscsssssossansssssssns 389
i I C =T o 1= T | SRR 390
J4.0.1. DEFINILIONS ...ttt e eeetesaaaiaeeans 390
J4.0.2. SYMBOIS ..ottt ettt ettt e et e et aeaaseraan 391
14.1.3. Platforms ExXposure CAtegories ............cooweeeeveeeeveeeeeeeieeraeeieeaeannn. 392
14.2. Basics of the seismic design.........cccovveeieiiiiiiiiiieeeeeeeeeeeereeeeeeeen 394
14.3. Reference standard for the design of structural members.......... 395
144, EQrthQUAKES ....evveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee et 395
14.5. Seismic DesSign PrinCiples.........uuueeeeeeeieieiiiiiiiiiiiieeee 396
J4.5.1. GONEIQI .ottt ettt e e aerirann 396
14.6. Preliminary Consideration ..........ccccvvveeieeeiiiniiiineeeee e 396
14.6.1. Evaluation of S€iSMiC ACtIVILY .........eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeveenn. 396
14.6.2. Evaluation for Zones of Low Seismic ACtiVIty .........ccccevveeeeeereeennn.. 397

14.7. Strength ReqUIremMeNnts ........cccvveeeiiiieeeeieee e 398



Table of Contents /m

14.7.1. DESIGN BASIS .......eeeeeeeeeeeeeeeeeeeeeeeeeesettsesessssssesasssssssssssssssssssssssssssns 398
14.8. .Ductility Requirement ..........ccoveeeeiiiieeeiiee e 400
14.9 Additional GUIdEliNeS ..........ooviiiiiiiiiiieee e 401

14.9.1 TUBUIAE JOINTS ...t 401
14.10. Seismic design ProCeAUIES .........euveeeeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeee 403

N L0 B C -1 11 o | SRS SRS 403

14.10.2. S€ISMIC FiSK CALEGOIY ..uvveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeisveenn 403

14.10.3 Seismic Design ReqQUIremMENts ............ccceeeeeeeeeeeeeeeeeeeeeeeeeeeeceieeeeeeeenns 405

14.10.4 Simplified Seismic Action Procedure................ccovveeeeeveveeeveeaanne. 406

14.10.5. Detailed method of seismic analysis ................cccceevvveeeeeeeeeeeunnn.. 409

CHAPTER 15: TSUNAMI LOADS AND EFFECTS. ....cccccitetenencnnsnssssssssssssssssons 413
15.1. GENEIAl oo s 414

15.1.1. TSUNAMI FiSK COLEGONIES ...t eeeeieaaeeeeen 414

15.1.2. Scope Of APPLICALION .......oooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeevveaaann 414

15.1.3. PEEI FEVIEW ...ttt e eseeeas 415

15.0.4. DEFINILIONS ...ttt ettt eeetisaaaseeann 415

15.1.5. SYMBOLES AND NOTATIONS .........eeeeeeeeeeeeeeeeeeeesnes 420
15.2. Calculating the tsunami intensity and inundation ....................... 423

15.2.1. Calculation of the maximum inundation depth and flow velocity at

15.2.2. The steps of calculating the maximum inundation depth and the flow

velocity at site using the energy grade line method .................................... 424
15.2.3. Topographic transect for calculations of energy grade line method,
loads and effects Of tSUNAM ...............ccooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeecieeeeeeeeeeaian, 426
15.2.4. Tsunami Design Zone (Inundation limit) .............cccceeeeveveeevrveannnn. 427
15.2.5. Special conSiderations ...............cceeeeeeeeeeeeveeeeeeeeeeeeceeeeeeeeeeiievvennnn. 427
15.3. Structural design procedures for tsunami effects........cccuvueee.... 428

15.3.1. Performance of Tsunami Risk Category | Buildings and Other
Structures and Tsunami Risk Category Il Critical Facilities (clauses B and C)428
15.3.3. Performance of Tsunami Risk category Il and Il Buildings and Other

SETTUCEUIES. ettt e e 429
15.3.3. Structural performance evaluation ................ccccoveeeeevvveeeeecreeaann. 429
15.3.4. Minimum fluid density for tsunamiloads...................ccceeveeeeecunnn.... 432
15.3.5. Minimum closure ratio for load determination................................ 433

15.3.6. Minimum number of tsunami flow cycles ..............ccccovvveeeveveeennn... 433



n / Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

15.3.7. Seismic effects on the foundations preceding maximum considered

BSUNGIMI ...ttt a e 434
15.3.8. Physical modeling of tsunami flow, loads and its effects................. 434
15.4. Tsunami loads and effects on structures and industrial facilities 434
15.4.1. HydroStQtiCS I0QUS ..........ooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeevaaeaeaeenn 435
15.4.2. HYDRODYNAMIC LOADS.......eeeeeeeeeeeeeeeeeeeeeeeeettccteseieeeisissnsnnnnns 437
15.4.3. DEBRIS IMPACT LOADS .......eeeeeeeeeeeeeeeeeettteeeeeeeevtttteeeaaaaansann, 442
15.4.4. FOUNDATION DESIGN .......eueeeeeeeeeeeeeeeeeeeeeteeteccteeeeieiissssnnnnsnnns 443
15.4.5. STRUCTURAL COUNTERMEASURES FOR TSUNAMI LOADING.......... 449
15.4.6. TSUNAMI VERTICAL EVACUATION REFUGE STRUCTURES................ 450
15.4.7. DESIGNATED NONSTRUCTURAL COMPONENTS AND SYSTEMS. ....... 451

15.4.8. NONBUILDING TSUNAMI RISK CATEGORY | AND Il STRUCTURES ....452

CHAPTER 16: PIPING SYSTEMS....cuuuieeiiiicnsscsssnnnsseccsssssssssssssscsssssssssssssssssss 457
16.2. INtrodUCTION ....ceiiiiieecee e 458
16.2. DefiNitioNS......eviiieeiiee e e 458

16.2.1. SYMBDOIS ...ttt ettt etaaeaerinann 458
16.3. SCOPE et 459
16.4. Design earthquake and performance level ..........ccccccovvvvvvennnennn. 459
16.5. Load combinations and allowable stresses..........ccccecvvveerevnennnn. 460
16.6. Seismic design of the piping system and its components............ 460

16.6.1. TR PiPING SYSEEM c......eeeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaaaeeeeesisveaaann 460

16.6.2. Seismic design Of flANGE ............eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeecvaann 461

16.6.3. Seismic design of control ValVes ................cccoveeeeveeeeeeeveeeeeeceeaannn. 462

16.6.4. Seismic design of expansion jOiNts .............cccceeeeeeeeeevvveveeeeeeeeceeeenn.. 464

16.6.5. Seismic design Of NOZZIES ..............eeeeeeeeeeeeeeeeeeeeeeeeeeceeeeeeeeeerveann. 464

16.6.6. Seismic design Of SUPPOITLS ......coeeeeeeeeeeeeeeeeeeeeeeeteeeaeeetieeeeeiieeeeeenn 464
16.7. Strength reduction and overstrength factors ..........ccccevuvvveenee.n. 464
16.8. SPECIAI PIPES wevvvveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 464
16.9. Analysis Method ...........oevveeiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 465
16.10. GENEIAl NOLES ..ooeeieeeieeeeee e 466

REFERENCES.......utiiiuriennrinnteensnneenssnecsssnessssesssnsessssesssssessssssssssssssssssssanes 469



Chapter 1
Purpose




2/ Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

1.1. Purpose

The purpose of this Regulations is to provide minimum criteria for the
seismic design of structures, facilities and equipments of the oil industry,
based on the Scope, Sec. 1.2, such that in low and moderate earthquakes, the
possibility of disrupting the efficiency and operation of the facilities, and in
strong earthquakes, their possibility of being damaged is minimized. By
following the provisions of this Regulations, it is expected that the behavior
of the structure in weak earthquakes is such that behavior of the structural
members remains within the elastic range, and in moderate to strong
earthquakes, depending on the importance of structure, the amount of
damage, is controlled and limited.

1.2. Scope

The scope of the Regulations includes the seismic design of buildings, non-
building structures, industrial equipments and non-structural components in
the oil industry, which are mentioned in separate chapters. In this
Regulations, three seismic hazard levels are defined in accordance with
Chapter 3, and depending on the type and importance of a system, one or two
hazard levels may be used for its design. This Regulations is not for the
seismic evaluation of existing facilities and structures.

1.3. Design basis

The seismic design criteria of this Regulations are based on the force-based
method, with the drift ratios and lateral displacements of the members and
components being checked with the allowable values at the end of the design
process. This procedure is deemed to be sufficient for the purposes of f this
Regulations (Sec. 1.1). The designer is allowed to use other accepted
methods, such as performance-based design method, outlined in valid
regulations and standards, provided that the provisions of this Regulations
are satisfied.

1.4. Structure of the Regulations

This Regulation is arranged in 16 chapters. In chapters 1 to 6, the general
criteria of seismic design including: General, Load Combinations, Seismic
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Hazard, Analysis Methods, and Soil-Structure Interaction are presented. In
chapter 7, general and common seismic provisions and criteria related to all
types of non-building structures are presented. In chapter 8, the seismic
design criteria of various types of non-structural components
includingmechanical and electrical equipments, and architectural
components are presented. Chapters 9 and 10 refer to the seismic design of
structures in which a seismic isolation system or a damping system is
installed. Chapters 11 to 14 and Chapter 16, respectively, deal with the
specific provisions and regulations for the seismic design of some specific
non-building structures, such as Chimneys, Tanks, Pipelines, Centralized
Networks of Pipes and Offshore Structures. Finally, in chapter 15, the
method for loading structures due to tsunami is described.

1.5. System of units

In this Regulations, most of the presented relationships are dimensionless, in
order to be compatible with any valid unit system. However, in general, the
accepted system of units in this Regulations is the SI System and its related
units.
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2.1. General

Buildings and other structures shall be designed using the provisions of either
strength or allowable stress design. Both design methodologies should use
the load combinations of Sec. 2.2. Where elements of a structure are designed
by a particular material standard or specification, they shall be designed
exclusively by either strength or allowable stress design.
Along with the requirements of this chapter, any load combination
requirement for any specific building, non-building or non-structural element
in its special chapter should also be considered.

2.1.1. Symbols

A
Ax
B
D
D1
En
E,
Emn
F

H

Design acceleration level

Load or load effect arising from extraordinary event, A

Response factor

Dead load

Seismic Design Category

Horizontal seismic effect

Vertical seismic effect

Effect of horizontal seismic forces, including overstrength

Load caused by fluids with well-defined pressures and maximum
heights other than those caused by groundwater pressure

Load due to lateral earth pressure (including lateral earth pressure from
fixed or moving surcharge loads), ground water pressure, or pressure
of bulk materials.

Live load

Roof live load

Effect of horizontal seismic forces

Rain load

Snow load

Design vertical response spectral acceleration

Design response spectral acceleration parameter at short periods (0.2s)
and 5% damping ratio

Cumulative effect of self-straining forces and effects arising from
contraction or expansion resulting from environmental or operational
temperature changes, shrinkage, moisture changes, creep in component
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materials, movement caused by differential settlement, or combinations

thereof
W : Wind load
p :  Redundancy factor
Qo : Overstrength factor

2.2. Combinations of loads

The load combinations for allowable stress design and for strength design are

provided in sections 2.2.1 and 2.2.2 respectively.

2.2.1. Load combinations for allowable stress design

2.2.1.1. Basic Combinations

Loads listed here shall be considered to act in the following combinations;
whichever produces the most unfavorable effect on the building, foundation,
or structural member shall be considered. Increases in allowable stress shall
not be used with the loads or load combinations given in this regulations

unless it can be demonstrated that such an increase is justified by structural

behavior caused by rate or duration of load.

D

D+L

D + (L; or 0.75S or R)

D+ 0.75L + 0.75(L:or 0.7S or R)

D+ 0.6W

D + 0.75L+ 0.75(0.6W) + 0.75(L: or 0.7S or R)
0.6D + 0.6W

D + 0.7Ev+ 0.7 (En + Emn)

D + 0.525E, + 0.525 (En or Emn) + 0.75L + 0.18

2.1

2.2

23

24

2.5

2.6

2.7

2.8

2.9
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0.6D - 0.7Ey + 0.7 (En or Emn) 2.10

where:

D: Dead load

L: Live load

Lr: Roof live load

En: Horizontal seismic effect

Emn: Effect of horizontal seismic forces, including overstrength

Ev: Vertical seismic effect

S: Snow load

W: Wind load

F: Load caused by fluids with well-defined pressures and maximum
heights (see Exception 1)

H: Load due to lateral earth pressure, ground water pressure, or
pressure of bulk materials (see Exception 2)

R: Rain load

Exceptions:

1.

Where fluid loads, F, are present, they shall be included in combinations
2.8 through 2.10, with the same factor as that used for dead load, D.

. Where loads, H, are present, they shall be included as follows:
. Where the effect of H adds to the principal load effect, include H with a

load factor of 1.0.

. Where the effect of H resists the principal load effect, include H with a

load factor of 0.6 where the load H is permanent, or a load factor of 0 for
all other conditions.

. If needed, the effects of seismic loading should also be included as shown

in2.2.4.

. If the requirements of wind load are considered based on the Iranian

National Building Regulations, Clause 6, the wind load should be
multiplied by a factor of 1.6.

2.2.1.2. Load combinations including self-straining forces and effects

Where the structural effects of T are expected to adversely affect structural
safety or performance, T shall be considered in combination with other loads.
Where the maximum effect of load, T, is unlikely to occur simultaneously
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with the maximum effects of other variable loads, it shall be permitted to
reduce the magnitude of T considered in combination with these other loads.

The fraction of T considered in combination with other loads shall not be less
than 0.75

D+T 2.11

D +0.75(T + L) 2.12
2.2.2. Load combinations for strength design
2.2.2.1. Basic Combinations

Structures, components, and foundations shall be designed such that their
design strength equals or exceeds the effects of the factored loads in the
following combinations.

1.4D 2.13
1.2D + 1.6L + (0.5Lr or 0.3S or 0.5R) 2.14
1.2D + (1.6Lr or 1.0S or 1.6R) + (L or 0.5W) 2.15
1.2D + W +L + (0.5Lr or 0.3S or 0.5R) 2.16
09D +W 2.17
1.2D + Ey + (En or Emn) + L +0.15S 2.18
2.19.0.9D — Ey + (En or Emn) 2.19

The load factor on L in combinations 2.15, 2.16 and 2.18 is permitted to equal
0.5 for all occupancies in which Lr is less than or equal to 5.0 kN/m?, with
the exception of garages or areas occupied as places of public assembly.
Where fluid loads, F, are present, they shall be included with the same load
factor as dead load, D, in combinations 2.13 through 2.19 except 2.17.
Where the effect of H adds to the principal load effect, include H with a load
factor of 1.6. Where the effect of H resists the principal load effect, include
H with a load factor of 0.9if the load H is permanent, and a load factor of 0
for all other conditions.
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Each relevant strength limit state shall be investigated.

Exception:

If the requirements of wind load are considered based on the Iranian National
Building Regulations, Clause 6, the wind load should be multiplied by a
factor of 1.6.

2.2.2.2. Load combinations including self-straining forces and effects

Where the structural effects of T are expected to adversely affect structural
safety or performance, T shall be considered in combination with other loads.
The load factor on T shall be established considering the uncertainty
associated with the likely magnitude of the structural forces and effects, the
probability that the maximum effect of T will occur simultaneously with
other applied loadings, and the potential adverse consequences if the effect
of T is greater than assumed. The load factor on T shall not have a value less
than 1.0.

1.2D +1.2T +0.5L 2.20
1.2D+1.0T + 1.6L 2.21

2.2.2.3. Load combinations for non-specified loads

Where approved by the Authority Having Jurisdiction, the registered design
professional is permitted to determine the combined load effect for strength
design using a method that is consistent with the method on which the load
combination requirements in Section 2.2.2.1 are based. Such a method must
be probability-based and must be accompanied by documentation regarding
the analysis and collection of supporting data that are acceptable to the
Authority Having Jurisdiction.

2.2.3. Seismic load effects and combinations

All members of the structure, including those not part of the seismic force-
resisting system, shall be designed using the seismic load effects of Section
2.2.3 unless otherwise exempted by this regulation.
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2.2.3.1. Horizontal Seismic Load Effect

The horizontal seismic load effect, Ep, shall be determined in accordance
with Equation (2.22) as follows:
En=pQOr 2.22

where:
p: Redundancy factor, as defined in Section 4.7
Qk: Effect of horizontal seismic forces. Such effects shall result from

application of horizontal forces simultaneously in two directions at right
angles to each other.

2.2.3.2. Vertical Seismic Load Effect

The vertical seismic load effect, £, shall be determined in accordance with
Equation (2.23) as follows:

E,=0.28psD 2.23

where:

Sps: Design response spectral acceleration parameter at short periods (0.2s)
and 5% damping ratio

D: Effect of dead load.

Where the option to incorporate the effects of vertical seismic ground motion
is required elsewhere in this regulations, the vertical seismic load effect, E,,
shall be determined in accordance with Equation (2.24) as follows:

Ey=0.35.D 2.24

where:

Sav: Design vertical response spectral acceleration
D: Effect of dead load

2.2.3.3. Combination of Horizontal and Vertical Seismic Load Effects

Where determining demands on the soil-structure interface of foundations,
the vertical seismic load effect, E,, is permitted to be taken as zero in
Equations 2.10 and 2.19.
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2.2.4. Seismic Load Effects including overstrength

Structural elements supporting discontinuous walls or frames of structures
that have horizontal irregularity Type E of Table 4.1 or discontinuity in
Lateral Strength vertical irregularity of Table 4.2 shall be designed to resist
the seismic load effects, including overstrength. The connections of such
discontinuous walls or frames to the supporting members shall be adequate
to transmit the forces for which the discontinuous walls or frames were
required to be designed.

Foundations and other elements used to provide overturning resistance at the
base of cantilever column elements shall be designed to resist the seismic
load effects, including overstrength.

D +0.7E, + 0.7Q00k 2.25

D +0.75(0.7Ey) + 0.75(0.7 QoQe) + 0.75L + 0.1S8 2.26

0.6D —0.7E, + 0.7Q0Qk 2.27
Exceptions:

1. Where fluid loads, F, are present, they shall be included in combinations
2.25,2.26, and 2.27, with the same factor as that used for dead load, D.

2. Where loads H are present, they shall be included as follows:

1. Where the effect of H adds to the primary variable load effect, include H
with a load factor of 1.0.

2. Where the effect of H resists the primary variable load effect, include H
with a load factor of 0.6 if the load H is permanent and a load factor of 0
for all other conditions.

Where allowable stress design methodologies are used with the seismic load

effect defined in Section 2.2.4, allowable stresses are permitted to be

determined using an allowable stress increase factor of 1.2

1.2D+ E, + QoQr + L +0.158 2.28

0.9D — E, + Q00k 2.29
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2.2.5. Minimum Upward Force for Horizontal Cantilevers for
Seismic Design

Horizontal cantilever structural members shall be designed for a
supplemental basic load combination consisting of a minimum net upward
force of 0.2 times the dead load.

2.3. Load combinations for extraordinary events

2.3.1. Applicability

Where required by the owner or applicable regulations, strength and stability
shall be checked to ensure that structures are capable of withstanding the
effects of extraordinary (i.e., low probability) events, such as fires,
explosions, and vehicular impact without disproportionate collapse.

2.3.2. Load Combinations
2.3.2.1. Capacity

For checking the capacity of a structure or structural element to withstand the
effect of an extraordinary event, the following gravity load combination shall
be considered:

1.2D + Ax+0.5L + 0.15S 2.30

0.9D + A, +0.5L +0.15S8 2.31

in which Ay is the load or load effect resulting from the extraordinary event,
A.

2.3.2.2. Residual Capacity

For checking the residual load carrying capacity of a structure or structural
element following the occurrence of a damaging event, selected load-bearing
elements identified by the registered design professional shall be notionally
removed, and the capacity of the damaged structure shall be evaluated using
the following gravity load combination:

12D +0.5L + 0.2 (L, or 0.7S or R) 2.32

0.9D +0.5L +0.2 (L-or 0.7S or R) 2.33
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2.3.3. Stability Requirements

Stability shall be provided for the structure as a whole and for each of its
elements. Any method that considers the influence of second-order effects is
permitted.
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3.1. General

This Regulation specifies one or two hazard levels for the design of oil
industry structures and facilities, depending on the type of structure. The
considered hazard levels are presented in Section 3.5. The effect of aleatory
and epistemic uncertainties (in seismic source models, ground motion
models and earthquake recurrence laws) should be comprehensively
considered when developing the spectra resulting from each hazard level.
The site-specific study is performed in two ways: probabilistic and
deterministic, which complement each other in estimating the hazard of
strong ground motion.

3.1.1. Symbols

The symbols used in this chapter are listed below along with their definitions:

b-value : Regional parameter depending on the seismicity of the site

Cr : Risk coefficient

Cy : (Vertical) Coefficient for vertical spectrum

Fa : Site coefficient in the constant acceleration region of the spectrum
Fv . Site coefficient in the constant velocity region of the spectrum
Fpga  : Site coefficient for peak ground acceleration (PGA)

fm (m) - Probability distribution function for earthquake magnitude

fr (r)  : Probability distribution function for distance
IM : Intensity measure of earthquake event
Me 100, ° Intensit.y. measure level equiv':ﬂent to the Q.l-quantile or 10% c.ollapse
’ probability read from the fragility curve adjusted for the target risk

. A ground motion level which corresponds to a 2475-years seismic

IM2475
hazard level

Mw : Moment magnitude of earthquake event
Mmax  : Maximum moment of earthquake event
Mmin : Minimum moment of earthquake event
PE : Annual probability of exceedance

PGA  : Peak Ground Acceleration
PGV  : Peak Ground Velocity
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Rmax

Rmin

Sa
Spi

Spbs

Smi

Sms

Sy

SaMV

Ss

xannual

Aannual

: Source to site distance

. The maximum distance from the site to a point on the fault,

corresponding to the definition of the distance in the employed
attenuation relationship

. The minimum distance from the site to a point on the fault,

corresponding to the definition of the distance in the employed
attenuation relationship

: Spectral acceleration (in unit g) with a damping ratio of 5%

. 5%-damped spectral acceleration parameter (in unit g) corresponding to

the design earthquake at the long period (1 seconds)

. 5%-damped spectral acceleration parameter (in unit g) corresponding to

the design earthquake at the short period (0.2 seconds)

. 5%-damped spectral acceleration parameter (in unit g) corresponding to

the rare earthquake at the long period (1.0 seconds) adjusted for site class
effects

. 5%-damped spectral acceleration parameter (in unit g) corresponding to

the rare earthquake at the short period (0.2 seconds) adjusted for site
class effects

. Spectral acceleration parameter (in unit g) corresponding to a rare

earthquake at a period of 1 sec on bedrock, resulting from a site-specific
study, with a damping ratio of 5% and multiplied by the coefficient of
maximum direction response

: Vertical response spectral acceleration at a rare earthquake hazard level

. Spectral acceleration parameter (in unit g) corresponding to a rare

earthquake at a period of 0.2 sec on bedrock, resulting from a site-
specific study, with a damping ratio of 5% and multiplied by the
coefficient of maximum direction response

~ The return period of the considered hazard level, or,
" The fundamental vibration period of the structure

: The structure’s lifetime
: A given level of intensity measure

. The difference of the ground motion from the logarithmic mean of the

ground motion model given by the number of standard deviation

. The annual rate of earthquake occurrence exceeding a given intensity

measure, whose value is equal to 1/T.

: The weighted average of the Aannual results



18/ Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

n . The number of earthquake occurrences according to the catalog of the
region in the desired time interval (between m,;» and mu.) divided by
the corresponding time interval

oM . IStandard deviation of intensity measure levels

3.2. Definitions

Earthquake hazard: The safety threat of structures caused by different
levels of earthquake parameters.

Earthquake hazard analysis: The process of determining the influencing
factors of different levels of earthquake motions in the construction and
performing the necessary calculations in order to estimate the parameters
needed in the analysis and design of the structure (such as peak ground
acceleration and peak ground velocity and response spectral values).

Earthquake hazard level (motion): The level of earthquake ground motion
with a certain probability of exceedance in the desired site in a certain period
of time, which is determined based on the characteristics of regional
seismicity.

Design spectrum: The spectrum used to design the structure at the desired
earthquake hazard level.

Risk-based design spectrum: A spectrum expected to have a 1% probability
of collapse during the lifetime of 50 years for a conventional structure
(Occupancy and Risk Group II) based on which it is designed.

Ground motion model (GMM, attenuation relationship): A mathematical
model compatible with the seismic characteristics of the region, which
calculates the expected values of strong ground motion parameters, and also
dispersion around it, as a function of fault type, source to site distance, site
soil properties, and others.

Uniform hazard spectrum: A spectrum whose values have the same
probability of exceedance in a certain period of time.
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Probabilistic seismic hazard analysis (PSHA): The process of calculating
the probability of exceeding the desired intensity measure (such as peak
ground acceleration and peak ground velocity and response spectral values)
from a certain value in a certain period of time (the lifetime of the structure),
resulting from seismic activity of all seismic sources in the region by
considering all uncertainties in the framework of the probability theory.

Deterministic seismic hazard analysis: It is a process during which the
intensity measure of the selected scenario, with a specified magnitude and
distance resulting from the seismic disaggregation process,) are determined
according to the type of the construction site.

Sensitivity analysis: Determining the effectiveness of the hazard analysis
results subjected to changes in parameters, inputs and models used.

Seismic disaggregation: Calculation of the percentage of participation of
possible scenarios of different seismic sources in the probability of exceeding
the intensity measure.

Site-specific study: All studies and investigations carried out in order to
analyze the earthquake hazard and to investigate the other related hazards
caused by earthquakes in the construction site, which include field studies
and statistical calculations.

Uncertainty: Uncertainty resulting from lack of knowledge, defects in
models or available data.

Active fault: A fault on which an earthquake occurred in the Holocene
period (from about 10 thousand years ago until now) or a fault that had
seismic activity in the second half of the Quaternary (approximately 1 million
years ago until now) and its slip rate is more than 1 mm per year.

Direction of maximum response (direction of maximum loading): The
direction in which the maximum response of a one-degree-of-freedom
system occurs under horizontal earthquake excitation. It is obvious that this
direction is different in the general case, for each different vibration period.

Epsilon (¢): Is a vibration period-dependent parameter that is used to
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evaluate the intensity of ground motion in an arbitrary scenario in
comparison with a specific ground motion model (reduction ratio) in the
same scenario. Epsilon represents the amount of deviation of the ground
motion from the logarithmic mean of the model of the ground motion (GMM)
and expresses the number of standard deviations compared to the logarithmic
mean of the same model.

Bedrock: Site Class I, in the Iranian Standard No. 2800, with an average
shear wave velocity in the first thirty meters of the ground depth (Vs30) equal
to or more than 750 m/s.

3.3. Applicability

A site-specific study is mandatory for all oil industry facilities. The results of
this study include documents related to earthquakes in the region and fault
slip rates, seismic catalog, selection of ground motion models, seismic
disaggregation and selection of appropriate acceleration time-history for the
site response analysis and structural time history analysis, soil profile model
and its analysis method, sensitivity analysis and the used logic tree and other
related matters should be presented in the form of a technical report.

Note 1: Site-specific studies are not required for structures of the Occupancy
and Risk Group III (as defined in Table 4.3) located on Site Classes I and II
(as defined in Standard No. 2800) and structures of the Occupancy and Risk
Group IV, which can be addressed by the Standard No. 2800 design
spectrum. If site-specific studies have been completed for the said structures,
the results of these studies can also be used.

3.4. Categories of the Site-Specific Studies

In this regulation, depending on the sensitivity of the structures and the
seismicity of the region, the level of seismic hazard analysis studies will be
different. Also, in order to evaluate the results of these studies and their
compliance with the requirements of this chapter and to control how to
interact with various uncertainties, it is necessary to evaluate the documents
and reports by a group of experts whose expertise has been approved by the
employer, within the framework of laws, regulations and notifications of the
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Oil Ministry. The level and manner of this evaluation depends on the
importance of the desired facilities and also the level of seismicity of the
region. In determining the level of study and evaluation for a set of facilities,
the most critical Occupancy and Risk Group is the criterion. In general, two
types of study levels are defined in this Regulation as follows.

3.4.1. Category A

This level of study is sufficient for all the facilities of the oil industry, except
for those mentioned in study Category B.

3.4.2. Category B

For the structures of the Occupancy and Risk Group I (according to Table
4.3) in areas with high and very high seismic activity (based on the hazard
zonation map of Standard No. 2800), as well as the structures of this
Occupancy and Risk Group in areas with low and medium seismic activity
located in the near-fault zone, according to the provisions of Section 3.11,
this level of studies is mandatory. In case these facilities are located in an
area of active faults, it is also mandatory to perform probabilistic fault
displacement hazard analysis (see Section 3.13) according to wvalid
international references.

35. Earthquake hazard levels

All the structures and equipments of the oil industry should be designed
according to the relevant chapters, for the design spectrum, such as one or
two hazard levels from the hazard levels listed in Sections 3.5.1 to 3.5.3, or
specific hazard levels defined therein. How to calculate the relevant design
spectra is mentioned in Section 3.8. The basis for calculating earthquake
return periods at all three levels in this regulation is based on the acceptance
of Poisson’s distribution of earthquake occurrence.

Note 2: The response spectrum results obtained from most of GMMs should
be converted to the maximum load or response direction (on the horizontal
plane) using appropriate coefficients. If the GMMs are based on the
geometric mean of two horizontal components, the amplification factor for
the transformation of the direction at 1-second vibration-period and more is



22/ Iranian Seismic Design Code for Petroleum Fuacilities and Structures (Code No. 038)

assumed to be equal to 1.3. The direct conversion coefficient for spectral
accelerations at vibration-period intervals of 0.2 seconds and less (including
PGA) should be equal to one. Linear interpolation should be used for
intermediate values.

3.5.1. First hazard level (operational earthquake)

The operational hazard level is the intensity level of ground motions which,
if occuring during lifetime of the structure, behavior of the main structural
members expectedly remain in the elastic range. The spectrum resulting from
this hazard level is called the operational spectrum. This spectrum is prepared
for 2% damping. According to the type of structure, the probability of
exceedance and return period of the earthquake is different. For essential
buildings (Chapter 4), pipelines (Chapter 13) and offshore structures
(Chapter 14), the exceedance probability of the operational earthquake for
every 50 years is 70%, 50% and 20%, respectively. These values are
equivalent to the approximate return periods of 40, 75 and 200 years,
respectively. It is not mandatory to use operational earthquakes for other
structures.

3.5.2. The second hazard level (design spectrum)

The second hazard level (design spectrum) is used for design of all structures
and facilities of the oil industry. In the case of the pipeline, the values related
to the probability of exceedance and the design return period are determined
considering the Occupancy and Risk Group according to Chapter 13. This
spectrum is generally prepared for a damping ratio of 5%. If the type of
building requires a different damping ratio, it can be the basis for preparation
of the spectrum. In order to obtain the acceleration spectrum related to other
damping values, the damping spectrum of 5% is corrected by applying the
D-scale coefficient (see Eq. 14.1).

In this regulation, parameters corresponding to the second hazard level
(design earthquake), is obtained by conducting a site-specific analysis,
estimating the seismic parameters of the third hazard level (rare earthquake)
and multiplying these values by 2/3, with considering the coefficient of the
maximum response (see Section 3.8). For offshore structures, the design
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return period should be taken into account according to the provisions of
Chapter 14.

In cases where it is not necessary to conduct a site-specific study in
accordance to Section 3.3, the design spectrum of Standard No. 2800 can be
used for the design earthquake.

Note 3: The lower limit of the design spectrum is equal to 80% of the design
spectrum of the latest edition of Standard No. 2800, and its upper limit is
equal to two-thirds of the spectrum resulting from the deterministic hazard
analysis (Section 3.7.3). The response spectrum in Site Classes described in
Note 8 should not be less than 80% of the response spectrum of that structure
in Standard No. 2800 for the Site Class IV at any spectral periods.

3.5.3. The third hazard level (Rare earthquake)

This level of hazard corresponds to the occurrence of a very large ground
shaking intensity (a rare or maximum considered earthquake) and represents
the most severe level of ground motion used in this regulation with a very
low level of probability of occurrence during the structure's lifetime. The
return period of this ground motion intensity is about 2475 years.

Using the risk-based pseudo-acceleration spectrum is also allowed to define
this hazard level. This spectrum is calculated on the basis of a collapse
probability of 1% during a 50 years lifetime for an ordinary building
(equivalent to the annual collapse probability of 2x10#) (Section 3.9). The
latter probability is called the target risk or the base risk. The target risk
criteria for designing offshore platforms are mentioned in Chapter 14 (Table
2.14).

In any case, the upper limit of the third hazard level is the spectrum resulting
from the deterministic hazard analysis (Paragraph 3.7.3).

The third hazard level is used for the design or control of the seismic isolation
system (Chapter 9), structures equipped with dampers (Chapter 10), offshore
structures (Chapter 14) and structures of the Occupancy and Risk Group I
(according to Table 3.4).
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3.6. Selection of the ground motion model

Selecting the acceptable predictive relationship to estimate the characteristics
of ground shaking intensity compatible with the tectonic earthquake
conditions of the site is of particular importance due to having large
uncertainties. The relationships should be prepared, selected or modified
based on the data of the study area, the earthquake magnitude (My) and the
fault style. The GMMs selected or developed should be consistent with the
minimum and maximum limits of the magnitude and the various distances
defined from seismic sources.

The selected GMMs should satisfactorily cover the expected range of
acceleration data associated with the Iranian plateau.

The cases of the GMM for different regions of Iran are as follows:

- Shallow crustal zones

- Interface subduction zones

- In-slab subduction zones
In case of lack of information on local earthquakes, it is possible to use
simulation-based GMMs for estimating the characteristics of ground motion,
in which the available data is increased by using valid simulation methods.
In the seismic hazard analysis of the Categories A and B (see Section 3.4) to
estimate the acceleration spectrum, it is necessary to use in the logic tree,
respectively, at least three and five predictive equations with the above
characteristics, which are ranked according to valid methods. At least two
relationships should be selected from the global or regional GMMs and one
relationship from the local GMMs specific to the Iranian Plateau, whose
validity in estimating the characteristics of the ground motion in the Iranian
Plateau has been proven. It is necessary to use "suitable statistical methods"
along with "reference to valid technical literature" (for Category B hazard
analysis, Section 3.4.2), and "reference to valid technical literature" for
Category A hazard analysis (Section 3.4.1) to select the acceptable ground
motion models.
It is not allowed to use models with the following conditions:

-Models that are not compatible with the type of the seismic zone under

study.
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-Models that have not been published in valid international scientific media.

-Models that are outdated or replaced by new versions.

-Models with the fitting method used in their development not including
intra-event and inter-event errors.

- Models that do not consider the nonlinear soil effect, for the case of the
sites located on the ground category IV.

3.7. Hazard analysis procedure

3.7.1. General requirements

In the site-specific study, it is necessary to examine the tectonic earthquake
characteristics, geology and slip rate of faults, seismicity of the area,
expected earthquake occurrence rate, maximum magnitude of active faults
and the site class. The minimum radius of this study’s area is 150 km for the
Iranian plateau and 300 km in the subduction zone of the Makran region.

The site-specific study and estimation of the seismic parameters can be
carried out using one of the following three procedures:

Procedure 1) Use of GMMs to estimate the ground motion at the bedrock and
applying the site response coefficients (see Table 3.1)

Procedure 2) Use of acceptable ground motion models on the ground surface
in a direct manner. The procedure is not allowed for the Site Class IV.
Procedure 3) Use of GMMs at the bedrock and site response analysis (to
convert input motion from the bedrock to the ground surface)

Note 4: In hazard analysis of Category B (Section 3.4.2), if site response
analysis (Procedure 3 above) is employed, the uncertainties of the soil layers'
characteristics shall be quantified with verified procedures available in the
technical literature.

In the study, it should be taken care of the characteristics of the near source
events (according to the definitions and criteria of Section 3.11), the
nonlinear behavior of the soil and the liquefaction possibility in prone areas.
The pseudo-acceleration spectrum should be prepared according to Section
3.8. In addition, where necessary, the uniform hazard spectrum of pseudo-
acceleration, velocity or displacement for the required hazard levels or the
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values of the maximum ground acceleration (PGA), velocity (PGV), and
displacement (PGD) parameters should be provided.

It is necessary to compile all the data of historical and instrumental
earthquakes that occurred in the study area in the form of a catalog. This
catalog should be modified by removing foreshocks and aftershocks and by
taking care of classifying time intervals with different levels of completeness.
It is necessary to determine the levels of completeness of the catalog and its
time intervals, using appropriate statistical methods.

It is recommended that in the removal of aftershocks and foreshocks, the
uncertainty caused by the use of different removal methods is considered in
the framework of the logic tree. This is mandatory in the Category B hazard
analysis (Section 3.4.2).

It is necessary to collect the following information for all earthquakes as
much as possible:

- Event time
- Epicenter with acceptable accuracy

- Estimated magnitude (for historical data) and recorded one (for
instrumental data). These values should be converted into moment
magnitude values (Myw) using the appropriate practical relationships
corresponding to the Iranian plateau.

- Earthquake depth (for instrumental data)

- Fault style

- Estimated uncertainty in each case

Site-specific procedure is performed by probabilistic and deterministic

methods according to Sections 3.7.2 and 3.7.3.

3.7.2. Probabilistic hazard analysis

The steps of the procedure based on the most common algorithm are as
follows:

1- Delineate the seismic sources that affect the strong ground motion at the
site. Both linear (if the fault trace is clear) and areal (if the rupture is
scattered) seismic sources are allowed as long as the criteria of Section
3.7.5 are met. It is necessary to use a non-uniform probabilistic
distribution for the source-to-site distance.



Hazard Analysis /27

2- Determining the probability density function for the moment magnitude,
depending on the case, relationships such as double truncated Gutenberg-
Richter, the characteristic model or combined functions can be used.

3- Calculating the intensity measure level, x, (Sa, PGA, PGV, etc.) according
to Equation 3.1:

Minax Rmax lnx - hlIMm r
P =t [ U= @) ) f e 3.1
My ¥ Rnin O InIM

Mmax: The maximum earthquake magnitude obtained by a reliable method for
each source.

Mmin: The minimum earthquake magnitude. This parameter is generally
selected between 4 and 5.

Aannuar: Annual occurrence rate of the selected intensity measure, equal to
1

=3
T: Return period of the hazard level of interest,

wu: Annual occurrence rate according to the region’s catalog (between mmin
and mmax)

[l_q)(%)]: Probability of intensity measure exceeding an x value

O
assuming the standard Normal distribution.

fz(): Probability density function for source-to-site distance

In IM ,, . : The logarithmic average value of the intensity measure at the site

of interest, which is obtained from the ground motion model (attenuation
relationship).
o,,. The standard deviation of the logarithmic intensity measure levels

associated with the attenuation relationship.
R,_. : The maximum distance from the site to a point on the faults,

corresponding to the definition of distance in the employed attenuation
relationship.
R .: The minimum distance from the site to a point on the faults,

corresponding to the definition of distance in the employed attenuation
relationship.
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Note 5: In Eq. 3.1, a unique value of mq is defined for each seismic source.

This step is repeated for different intensity measure levels, x, from low to
high values, to obtain the desired IM hazard curve.

Note 6: Due to the epistemic uncertainty present in description and
determination of seismic sources, estimation of their seismic parameters, and
ground motion models, it is necessary to handle different assumptions in the
framework of the logic tree based on valid methods and considering regional

conditions. The final result (Zannuaz ) should be presented using the weighted

average of the logic tree branches and also at confidence levels associated
with the 15% and 85% percentiles.

Computing the exceedance probability for the final result of the logic tree, this is
obtained by assuming the Poissonian temporal model from Eq. 3.2.

PE — 1 _ e_M'annual 3.2

Where t is the service duration or structure’s lifetime.

5- Calculation of the uniform hazard pseudo-acceleration spectrum (if
necessary, velocity and transient displacement peak values) at the ground
surface (Procedure 2 in Sec. 3.7.1) or the bedrock at the site (Procedures
1 and 3 in Sec. 3.7.1) for the desired return period using the compatible
ground motion prediction equations.

6- Calculation of the final spectrum shape in the form of a design spectrum
according to the criteria of Section 3.8 (for the second and third hazard
levels).

In the above steps, performing the sensitivity analysis is also recommended.

In this case, it is necessary to determine the range of model and parameter

variations based on valid international and local methods.

3.7.3. Deterministic hazard analysis

The deterministic spectral acceleration at each response period is estimated
from the 84th percentile of the maximum considered earthquake (using the
attenuation relationships employed in the probabilistic analysis) for the
maximum response direction. The values presented in Note 2 can be used to
determine the conversion coefficients to the maximum response. The
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magnitude and distance of the desired deterministic earthquake is specified
from the "disaggregation of the hazard analysis of the site" at the 2475-years
return period. All seismic scenarios on the known faults of the region with at
least 10% relative participation in the seismic hazard analysis are included in
the calculation of the deterministic results, and the maximum quantities of
the ground motion values among them should be chosen.

It is necessary to select at least 3 and 5 equations for ground motion models
compatible with the site, respectively, to estimate the acceleration spectrum
in the hazard analysis of the Categories A and B (introduced in Sec. 3.4).
Results will be presented for the weighted average of these relationships.
Regarding the site effects, in addition to directly using the appropriate
attenuation relationships to estimate the response on the ground surface, it is
also possible to use site response analysis or the coefficients in Table 3.1 to
convert the ground motion at the bedrock to the ground surface.

In any case, if the peak value of the spectral response resulting from the
deterministic earthquake is less than 1.5F, (in g unit), it is necessary to
multiply all spectral ordinates by the same coefficient in such a way that the
response spectrum peak is equal to 1.5F,. For the Site Classes 1 to 3, the
value of F, should be determined from Table 3.1 assuming the value of Sy =
1.5. For the Site Class 4, F, should be equal to unity.

If the spectral response peak value resulting from the probabilistic hazard
analysis corresponding to the return period of 2475 years is less than 1.2F,
(in g unit), there is no need to calculate the ground motion resulting from the
deterministic earthquake.

3.7.4. Disaggregation of seismic hazard

Disaggregation of seismic hazard in terms of magnitude and distance (and
epsilon if required) is an essential part of any site-specific hazard analysis. It
is necessary to use the linear source model to perform this analysis if there
are both area and linear seismicity models. It is necessary to provide the mean
(and if needed, median and mode) values of magnitude, distance and epsilon
resulting from the disaggregation procedure.
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3.7.5. Definition of Seismicity Source models

The seismicity of the study area is defined by three types of areal, linear and
background sources.

In this definition, it is necessary to take into account the minimum and
maximum depth of the seismogenic layer and the fault slope, according to
the regional regime of the seismic source. In the hazard analysis of Category
B (Section 3.4.2), it is necessary to consider the epistemic uncertainty in the
expression of the geometrical configuration and seismicity parameters of the
seismic sources.

It is not allowed to use a uniform probabilistic distribution to calculate the effects
of the distance of different fault segments to the site in the hazard integral.

It is not permissible to use circular areas with heterogeneous seismic
characteristics to calculate the seismic parameters and attribute it to its inside
sources.

It is necessary to consider the completeness periods of the events catalog
when determining its seismicity parameters. Also, the temporal variation of
the completeness level should be taken into account in determining the
seismicity parameters.

The seismicity model including the magnitude frequency distribution of areal
source is based on a double truncated Gutenberg-Richter law.

For a linear source, double truncated Gutenberg-Richter and Characteristic
earthquake models with appropriate weight in the logic tree can be used.

Due to the fact that the data attributed to a fault may not be enough to
calculate the slope of the Gutenberg-Richter line (or the b-value), the value
of this coefficient associated with the homogeneous areal seismic zone that
includes this fault can be used.

For the Makran seismotectonic zone, according to three types of shallow
crustal earthquakes, interface zones and in-slab subduction zones, separate
seismic sources should be defined.

3.8. Acceleration Design Spectrum

3.8.1. Uniform Hazard Design Spectrum

The design spectrum is calculated by conducting a PSHA for ground surface
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or by using a site response analysis (see the Procedures 2 or 3 of Section
3.7.1). It is represented by Eq. (3.3):

2
S, ==8, 3.3
3 M

a

in which S, is the 5%-damped spectral acceleration parameter (in g unit)

corresponding to a rare earthquake (i.e. the third hazard level, Section 3.9),
which is multiplied by the conversion factor due to the maximum direction
response (see Note 2). It is not necessary for this value to exceed the
deterministic spectrum at any period. Moreover, the ordinates of the design
spectrum should not be less than 80% of their counterpart in the design
spectrum of Standard No. 2800 at any period. If site response analysis is used,
the resulting spectrum should be properly smoothed for design purposes.

If required, the spectral acceleration of the site-specific design spectrum at
the short period (Sps) should be considered equal to 90% of the maximum
spectral acceleration of the site-specific spectrum at the response periods
between 0.2 to 0.5 seconds.

Also, the spectral acceleration of the site-specific design spectrum at the long
period (Sp1) is equal to the largest value between the spectral accelerations
of the site-specific spectrum at the period of 1 sec and 0.97.S, in the range of
1<T<S5 sec for the site with V/s30<450 m/s and the range 1<7<2 sec for the site
with V30>450 m/s.

To determine the seismic base shear coefficient by the equivalent lateral
force method of chapter 4, the Sp; value should be set from the equivalent S,
value at the period 7.

In addition, Sus and Sy are 5%-damped spectral acceleration parameters (in
unit g) at the short period and 1-second period, respectively, adjusted for the
ground surface and the maximum directional response. They correspond to a
rare earthquake (i.e. the third hazard level), which are 1.5 times the above
design ordinates.

If the velocity spectrum is required, its ordinates can be obtained from the
following relationship:
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Sa 34
Qz/T)

v

3.8.2. Standard Design spectrum

In accordance with Section 3.7.1.1, the maximum direction design spectrum
is developed as indicated in Fig. 3.2. In this figure, the spectral acceleration,
Sa, should be taken as given in Egs. 3.5 to 3.9.

Sa (g)

T Ts 1.0 r
Period (sec)

Figure 3.1. Standard Design Spectrum where the Site Class coefficients

(Table 3.1) are used.
S, =045, T=0 3.5
S, =SDS(O.4+O.6T£) 0<T<T, 3.6
S, =8 T, <T<ITy 3.7
SQZSDIXTL T, 2T >Tg 3.8
S, = Sy x L T>T, 3.9

T2
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Sps and Sp; are design, 5% -damped, spectral acceleration parameters (in unit
g) at the short period (0.2 seconds) and a period of 1.0 seconds, respectively,
adjusted for the ground surface and the maximum directional response. They
should be determined by multiplying the third hazard level, which is resulted
from PSHA, by a factor of 2/3.

For offshore structures, the design return period, the damping ratio, and other
requirements are extracted from Chapter 14.

T represents the period of the second corner of the spectrum, whose value is
independent of the site conditions, Sps or Sp; values and is equal to 6.0
seconds. On the coasts of the subduction zone of Makran, the value of this
period is equal to 16 seconds. For the Persian Gulf region, the value of the
period of the second corner is 0.4 seconds.

If the velocity spectrum is required, its ordinates can be obtained from Eq.
3.4.

Values of the spectral acceleration at the required periods are first estimated
on the bedrock, and they are then converted to values similar to those on the
soil of the site with Egs. 3.10 and 3.11.

2 2
SDS ZESMS ZE(O.gFaSS) 310
2 2
SDI =§SM1 ZEFVSI 311
where:

S1: 5%-damped spectral acceleration parameter (in unit g) corresponding to
the rare earthquake at a period of 1 sec on the bedrock, which is defined as
the medium having a shear wave velocity greater than 750 m/s, resulting
from a site-specific study with a damping ratio of 5% and multiplied by the
coefficient of maximum direction response.

Sus and Sy are the 5%-damped spectral acceleration parameters (in unit g)
corresponding to the rare earthquake (third hazard level) at the short period
(0.2 seconds) and a period of 1.0 seconds, respectively, adjusted for the
ground surface and the maximum directional response. It is not necessary
that their values exceed the deterministic spectrum at any period. Also, the
ordinates of the design spectrum should not be less than 80% of their
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counterparts in the spectrum of Standard No. 2800 at any period. If required,
the maximum considered earthquake spectrum should be 1.5 times the design
spectrum of this regulation.
The values of the site coefficients in the constant acceleration domain of the
spectrum, F,, and the constant velocity domain, F,, in accordance with the
site class, are obtained from Table 3.1. In the case of estimating the PGA on
the bedrock, the ground surface acceleration can be obtained using the
following equation:

PGA

surface

=F,,,.PGA

The PGA site coefficients are presented in Table 3.1.
Besides, Ty and T’ are site-dependent periods defined by Egs. 3.12 and 3.13:

S
T;:O_zi 3.12
DS
T, :h 3.13
SDS

Note 7: Instead of using the site coefficients provided in Table 3.1, a site-
specific study is recommended in accordance with the Procedures 2 or 3 in
Section 3.7.1 for the Site Class II and the Procedure 3 for the Site Class IV,
for structures on the Site Class IV with S; greater than 1.0, and for structures
on the Site Classes III and IV with S greater than 0.2.

Note 8: Where any of the following conditions exists, a site response analysis
in accordance with the Procedure 3 of Section 3.7.1 shall be performed.

1- Soils vulnerable to potential failure or collapse under seismic loading,
such as liquefiable soils, quick and highly sensitive clays, and collapsible
weakly cemented soils. For structures with fundamental periods equal to
or less than 0.5 s, site response analysis is not required to determine spectral
accelerations for liquefiable soils. Rather, a site coefficient is permitted to be
determined in accordance with the Procedure 2 of Section 3.7.1 or the
corresponding values of F;, and F', determined from Table 3.1.

2- Peats and/or highly organic clays with a thickness of more than 3 m

3- Very high plasticity clays with PI > 75more than 7.5 m thick

4- Very thick soft or medium stiff clays, i.e. more than 40 m thick with s, <
50 kPa, where s, is the undrained shear strength.
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Table 3.1. Site coefficients to convert the spectral response from bedrock to

ground surface for the third hazard level

F, as a function of Site Class and Ss value
Site Spectral acceleration parameter at a period of 0.2 sec on
Class** bedrock, S;
Se<025 [ Ss<05 | S¢<0.75 | Ss<1.0 | Se<1.25 | Sc<1.5
I 1.0 1.0 1.0 1.0 1.0 1.0
II 1.3 1.3 1.2 1.1% 1.0% 1.0%
11 1.6 1.4 1.2 1.1 1.0 1.0
TV 2.4 1.7 13 1.3% 1.2% 1.2%
Fy as a function of Site Class and S7 value
Site Spectral acceleration parameter at a period of 1.0 sec on
Class bedrock, S;
S1<0.10 | S1<0.20 | S1<030| S1<040 | S;=0.50 | S;>0.60
I 1.0 1.0 1.0 1.0 1.0 1.0
II 1.5 1.5 1.5 1.5 1.5 1.4
I 24 2.5% 2.5% 2.5% 2.5% 2.5%
v 42 4.0% 4.0% 4.0% 4.0% 4.0%
Fpca as a function of Site Class and PGA value
(381255 PGA<0.10 | PGA=0.20 | PGA=0.30 | PGA=0.40 | PGA=0.50 | PGA>0.60
I 1.0 1.0 1.0 1.0 1.0 1.0
it 1.3 12 12 1.1% 10" 1.0"
III 1.6 1.4 13 1.1 1.0 1.0
v 2.4 1.9 1.6 1.4 12 1.1
* See Note 7.

** Site Class is defined in accordance with Standard No. 2800. Use straight-
line interpolation for intermediate values of S;, Ss, and PGA.

3.9. Risk-targeted Spectrum

The use of the risk-targeted spectrum to define the third hazard level (and
consequently in the preparation of the design spectrum in Section 3.8) is
allowed, and it can also be required at the discretion of the employer. In
preparing this spectrum, the collapse risk at the site and the base Importance
Group (Occupancy and Risk Group II) should be equal to the target risk or
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the base risk. The target risk in this Regulations is a probability of 1% for
exceeding the collapse limit-state during a 50-years period.

Value of the ground motion parameter at the third hazard level, which is
adjusted based on the target risk, is determined by iterating the risk integral,
i.e.convolution of the hazard curve with the assumed lognormal fragility
curve with a standard deviation of 0.6, to achieve the target risk. Finally, the
risk-targeted response is represented by IMg 9%, i.e. the ground motion
parameter equivalent to the 0.1-quantile or 10% collapse probability read
from the fragility curve adjusted for the target risk.

Risk-targeted calculations should be performed at all periods necessary to
provide a uniform risk spectrum (see Section 3.8.1) or two periods of 0.2 and
1 seconds to provide the standard spectrum (see Section 3.8.1). For
convenience, the value of risk-targeted coefficients can be calculated only at
the short-period (0.2 sec), Crs, and 1-second period, Cr;. Then, interpolation
can be used for the intermediate values.. For periods greater than 1 sec, Cr;
can be used and for periods less than 0.2 seconds, use of Crs is permissible.

The risk-targeted coefficient, known as the risk coefficient, Cr is considered
equal to the ratio of the risk-targeted spectral acceleration to spectral
acceleration with a return period of 2475 years:

_ IMpg 109 3.14

Cn =
BT IMy47s

3.10. General requirements for site response analysis

3.10.1. Acceleration time-history selection

If there is a need for a site-specific investigation of the site effects according
to the Procedure 3 of Section 3.7.1, at least 7 horizontal acceleration time-
histories shall be selected. These acceleration time-histories must be related
to recorded or simulated earthquakes that are compatible with the controlling
earthquake of the desired level (see Section 3.5) in terms of magnitude and
distance from the fault. Then, all the selected acceleration time-histories
should be scaled in such a way that their response spectrum on average
matches the bedrock-response spectrum of the desired hazard level within a
period interval between the maximum and minimum significant natural
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periods of the structure. In the Makran subduction zone, for each type of
shallow crustal interface and in-slab earthquakes, at least 7 related
acceleration time-histories should be used to analyze the response of the
structure.

3.10.2. Calculation of the time history of the ground motion

For each of the selected acceleration time histories, the time history of the
input earthquake must be applied to the soil profile as the outcrop motion.
Using state-of-the-practice methods capable of modeling the soil dynamic
behavior subject to the strong ground shaking in a non-linear or equivalent
linear manner, the dynamic site response analysis is performed to obtain the
time history of earthquake vibration on the ground surface.

3.10.3. Estimation of Ground Surface Response Spectrum

The steps for estimating the response spectrum on the ground surface are as
follows:

A) The response spectrum of all the calculated acceleration time-histories of
the ground surface with a 5% damping is obtained. Then their average
spectrum is established.

B) For individual acceleration time histories, ratio of the response spectrum
of the ground surface to the response spectrum of the input motion at 5%
damping is calculated. Their average is then established as the transfer
function of the soil deposit. Result of the product of the average spectrum
by the spectrum of the desired hazard level at the seismic bedrock, which
is computed in period-by-period multiplications, is obtained.

C) The smoothed response spectrum of the desired hazard level on the ground
surface should be drawn based on the average spectrum of step A in such
a way that it is not less than the response spectrum obtained from step B.
It should cover the sensitivity of the site response to numerical model
uncertainties, including the uncertainty in material parameters, geometrical
configuration and input motion.

3.10.4. Site Numerical Model Development

Based on the problem conditions, the geometry of the site numerical model
should be considered as one-dimensional, two-dimensional or three-
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dimensional. In order to introduce the material characteristics of soil
deposits, an acceptable behavior model should be selected for the small
strains (linear behavior range) and large strains (nonlinear or equivalent
linear behavior model) of soils. For this purpose, shear wave velocity in the
range of small strains should be obtained by geophysical measurement at the
project site or measurement on similar soils around the site.

The characteristics of shear modulus and damping ratio at large strains
should either be extracted from the related laboratory tests of soil dynamics
or be adapted from technical literature on similar soils. It should be noted
that the uncertainties in the soil characteristics should also be properly
considered.

When it is practically not possible to model all layers of the soil deposits
extended to the bedrock due to the presence of very deep soil profiles, the
material of this layer (in the numerical model) can be considered as the Site
Class II. In this case, the response spectrum and acceleration time-history
related to the desired hazard level at the seismic bedrock should be converted
from the bedrock input to the new site type by applying site coefficients, such
as the values mentioned in Table 3.1.

3.11. Special requirements for near field effects

Sites that meet the following conditions are considered as near-source sites:

A) A site with a distance of less than 15 km from the horizontal projection
of known active faults with the ability to cause a rupture with a magnitude
equal to or greater than 7.

B) A site with a distance of less than 10 km from the horizontal projection of
known active faults with the ability to cause a rupture with a magnitude
equal to or greater than 6.

In the above criteria, the horizontal projection of parts of the fault located at

depths of 10 km or more should not be included (see Figure 3.2).
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Figure 3.2. Illustrations of geometrical distance definitions to investigate near-

field effects

In near-source sites, it is necessary to consider the effects of a pulse with a
long period in seismic hazard analysis. Moreover, if necessary, the
permanent ground displacement resulting from fault rupture should also be
considered in the selected acceleration time history.

If there 1s a fault near the site, this seismic source:
A) Should be modeled as a finite source with three-dimensional geometrical
configuration (length, width and fault slope) at a proper depth.

B) Should be included in occurrence return period calculations with its slip
rate, i.e. its earthquake magnitude probability density should be estimated.

Note 9: In the hazard analysis of a Category A site (see Section 3.4), if there
is no available data, a sensitivity analysis can be performed with the slip rate
of the faults located in the similar seismotectonic enviroments.

3.11.1. Directivity effects in probabilistic seismic hazard
analysis

In order to take into account the effect of directivity-based long period pulse
in probabilistic hazard analysis, the following approaches or a combination
of them can be applied, based on valid technical documents:
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A. Statistical approach:

In this method, the hazard analysis is first performed, followed by the
disaggregation for the peak ground velocity, or if not available, for the 1-sec
spectral acceleration. Number of the pulse-like acceleration time-histories is
specified using Eq. (3.15) or similar available relationships in the technical
literature. Then, the average response spectrum of the pulse-type and non-
pulse-type time-histories is multiplied as an increasing factor by the site-
specific spectrum without near-field effects.

The selected acceleration time-histories should be compatible with the
scenario resulting from the disaggregation procedure. The minimum number
of acceleration time-histories to perform statistical analysis is 11. In the
following equation, P is the ratio of the number of pulse records to the total
number of records.

1 3.15
P =
1+ exp[—3.87 + 1.04 X R%5 + 15.99 x (€ +3)7?]

where R,distance from the fault in km, and epsilon are the outputs of seismic
disaggregation in the return period of interest.

B. Employment of PSHA framework with the modified GMMs:

The synthetic (simulation-based) results can be used as GMM for a source
near the site. In developing the simulated scenario, the event uncertainties
associated with the location of hypocenter, focal depth, directivity effect,
rupture propagation velocity and pattern on the fault, and the mechanical
properties of the wave propagation medium should be considered.

Besides, GMMs with the ability to account for directivity at near-fault sites
may be utilized.

3.12. Vertical ground motion spectrum

The vertical component design spectrum can be obtained by either site-
specific studies or modifying the horizontal spectrum. If required, e.g. for
hazard analysis of Category B in Section 3.4.2 or different types of soil from
the quadruplet types of ground introduced in Standard No. 2800, the vertical
spectrum should be estimated with a site-specific study and valid methods
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available in the technical literature. The proposed vertical spectrum should
include the local site effects and be properly smoothed.

In the absence of site-specific studies to determine this spectrum, the design
vertical spectrum can be considered equal to 2/3 of the value of Suuv as
follows:

For vertical periods less than 0.05 sec:
San = 10CUSMSTU + O3C-‘;SMS 316
For vertical periods equal to or greater than 0.05 sec and less than 0.15 sec,

San = O'BCVSMS 3.17

For vertical periods equal to or greater than 0.15 sec and less than 2.0 sec,

5)0_75 3.18

0.1
Samv = 0.8C,Sys( T
v

For vertical periods equal to or greater than 2.0 sec, the vertical spectrum
ordinate is half of the horizontal spectral ordinate.

T, is the period of vertical oscillation, and value of C, is obtained from Table
3.2 according to the Site Class. The vertical spectrum ordinate at any period
should not be less than half of the horizontal spectrum. If required, the rare
earthquake vertical spectrum can be taken as 1.5 times the design vertical
spectrum.

Table 3.2. Values of the Site Coefficient, C,, for the Vertical Spectrum

C, as a function of the Site Class and S;
Spectral acceleration parameter at a period of 0.2 sec on the
Site Class bedrock, Si

Sg <02 Sg =03 S =06 Sg =10 Sg 220
I 0.7 0.8 0.95 1.0 1.10
1l 0.7 0.8 1.0 1.10 1.30
1 0.7 0.85 1.05 120 1.40
v 0.7 0.9 1.1 130 1.50

In case of using practical relationships to convert the horizontal to the vertical
spectrum, the average horizontal spectral ordinates (before converting to the
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maximum direction response) should be used in accordance with the existing
practical models.

In any case, the proposed vertical spectrum should not be less than 80% of
the spectrum obtained from the relations of this Regulation.

If the vertical component of the acceleration time history is required, the
vertical components of each of the acceleration time histories must also be
modified in such a way that their average spectrum in the required period
interval, defined in the Chapters 4, 9 & 10, is not less than the rare earthquake
vertical spectrum of this Regulations.

3.13. Estimating ground displacement at the fault
rupture site

Method 1: In order to estimate the permanent ground displacement caused
by surface faulting, detailed site-specific studies by seismotectonic experts
are required in order to estimate the dimensional characteristics of the fault
and its seismic potential (magnitude-frequency model) and to diagnose the
faulting mechanism in the fault under study. The total probability theorem is
then used to estimate the amount of permanent surface displacement of the
ground at the fault location in different return periods by combining valid
practical magnitude-displacement relationships with the magnitude-
frequency relationship of the desired fault. If there are deep soil deposits, the
analysis of fault rupture propagation in the soil deposit by the probabilistic
methods presented in Chapter 5 should also be considered.

Method 2: As a simplified method, and assuming that seismotectonic experts
have not ruled out the possibility of surface faulting, the peak permanent
surface displacement at the fault location can be calculated using empirical
scaling relationships for the average moment magnitude resulting from the
disaggregation procedure (see Section 3.7.4) in the desired return period. The
value of this desired displacement, Ay, for each of the strike-slip, normal,
reverse, or thrust mechanisms, as well as the faults with little information and
those undetectable, is presented as follows:

For a strike-slip fault:
3.19 Log (Afs)=-4.032+0.558My,
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For a normal fault:

Log (Am)=-4.967+0.693My, 3.20
For a reverse or thrust fault:
Log (Ax)=-3.156+0.451My 3.21

, and for the fault with little information, the average values corresponding
to the reverse and strike-slip faults should be used:

Ap=( Ars + Ag)/2 3.22

where M, is the magnitude of the dominant earthquake resulting from
disaggregation of the hazard analysis in the desired return period for PGA,
and Ay, Agm, A5 and Ap are the peak permanent surface displacements for the
rupture of the fault with strike-slip mechanism, normal, reverse and the fault
with low information, respectively. The resulting displacement must be
multiplied by the importance factor of the desired member (see Table 13.1).






-

Chapter 4
Analysis Methods
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4.1. General

This chapter provides the requirements for analysis. Section 4.10 provides
the requirements for the equivalent lateral force procedure. The linear
dynamic method is explained in Section 4.11. In Section 4.12 the
requirements for time history analysis are explained.

All structures, along with the requirements of this chapter, should also satisfy
the requirements of the Iranian Standard 2800.

4.1.2. Symbols

A . Design acceleration level

Agp - Section area at base

Agi - Section area of the ith shear wall in the direction under consideration

Ax :  Torsional amplification factor

B :  Response factor

Cq . Deflection amplification factor

Cuax . Deflection amplification factor in the X direction

Cay . Deflection amplification factor in the Y direction

E . Effect of the horizontal and vertical earthquake-induced forces

F; - Portion of the seismic base shear, V, induced at level 1

Fpx . Diaphragm seismic design force at level x

Fy - Portion of the seismic base shear, V, induced at level x

hsx : Story height below level x(= hy -hy-1)

hwan : Height of a shear wall

hx . Height above the base to level x

1 :  Importance factor

ka . Coefficient of amplification factor for diaphragm flexibility

Lwp . Length of wall pier

Lwan : Length of a shear wall

M :  Torsional moment resulting from eccentricity between locations of
the center of mass and the center of rigidity

Mia - Accidental torsional moment

N : Number of stories above the base

Ry . Response modification coefficient

Rux . Response modification coefficient in the X direction

Ruy : Response modification coefficient in the Y direction
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Si
Sa
Spb1

Sps

Ts
TL
TIR

Tlower

Tupper
VEex

VEy

Vix
Viy
\W%
Wi
Wx
Wx
X

Aa
Amax
Aave

ODE
Odi

de

6max

MCERg, 5% damped, spectral response acceleration parameter at a period
ofl's

5% damped design spectral response acceleration parameter at any
period

Design, 5% damped, spectral response acceleration parameter at a
period of 1 s

Design, 5% damped, spectral response acceleration parameter at short
periods

SpyvSps

Long-period transition period(s)

Torsional irregularity ratio

Period of vibration at which 90% of the actual mass has been
recovered in each of the two orthogonal directions of response
Larger of the two orthogonal fundamental periods of vibration
Maximum absolute value of elastic base shear computed in the X
direction among all three analyses performed in that direction
Maximum absolute value of elastic base shear computed in the Y
direction among all three analyses performed in that direction
Inelastic base shear in the X direction

Inelastic base shear in the Y direction

Effective seismic weight of the building

Portion of W that is located at or assigned to level i

Weight tributary to the diaphragm at level x

Portion of W located at or assigned to level x

Level under consideration; x = 1 designates the first level above the
base

Ratio of shear demand to shear capacity for the story between levels
x and x—1

Allowable story drift

Maximum story drift at the building edge subjected to lateral forces
Average of the story drifts at the two opposing edges of the building
Design earthquake displacement

Displacement due to diaphragm deformation corresponding to the
design earthquake
Elastic displacement computed under design earthquake forces

Maximum displacement at level x considering torsion
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Save . Average of displacements at the extreme points of the structure at
level x

Sum : Maximum inelastic response displacement considering torsion

dur . Total separation distance between adjacent structures on the same
property

Smi : Maximum inelastic response displacement of building 1

Sm2 :  Maximum inelastic response displacement of building 2

Nx . Force scale factor in the X direction

Ny . Force scale factor in the Y direction

0; : Stability coefficient for P-delta effects

Omax . Maximum stability coefficient for P-delta effects

) : Redundancy factor based on the extent of structural redundancy

present in a building
Qo . Overstrength factor

4.2. Irregular and Regular Classification

Structures shall be classified as having a structural irregularity based on the
criteria in this section. Such classification shall be based on their structural
configurations. Vertical and horizontal structural irregularities are listed in
Tables 4.1 and 4.2, respectively.

Structures having “Discontinuity in Lateral Strength—Extreme Weak Story
Irregularity” shall not be permitted for all seismic design categories.
Structures assigned to seismic design category Di and D that have
“Stiffness—Extreme Soft Story Irregularity”, “Discontinuity in Lateral
Strength—Weak Story Irregularity” and “Torsional Irregularity with
TIR>1.4" also shall not be permitted.

Exceptionl. Vertical structural “Geometric, Weight (Mass) and Stiffness
(Soft Story and Extreme Soft Story) irregularities” in Table 4.1 do not apply
where no design story drift ratio is greater than 130% of the story drift ratio
of the next story above. For this exception, the following need not be
considered:

(a) Torsional effects,

(b) The design story-drift ratio relationship of the top two stories of the
structure.
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Exception2. Vertical structural irregularities of “Stiffness—Soft Story
Irregularity” and “Stiffness—Extreme Soft Story Irregularity” in Table 4.1 are
not required to be considered for one or two-story buildings.

For structures having structural irregularity, the design forces shall be
increased by 25% at each diaphragm level where the irregularity occurs for
the following elements of the seismic force-resisting system:

1. Connections of diaphragms to vertical elements and to collectors,

2. Collectors and their connections, including connections to vertical

elements of the seismic force-resisting system.

Table 4.1. Vertical Structural Irregularities

Irregularity Type and Description

a. Stiffness—Soft Story Irregularity:

Where there is a story in which the lateral stiffness is less than 70% of that in the
story above, or; where there are at least three stories above, less than 80% of the
average stiffness of the three stories above.

b. Stiffness—Extreme Soft Story Irregularity:
Where there is a story in which the lateral stiffness is less than 60% of that in the

story above, or; where there are at least three stories above, less than 70% of the
average stiffness of the three stories above.

c. Weight (Mass) Irregularity:
Where the effective mass of any story is more than 150% of the effective mass of

an adjacent story. A roof that is lighter than the floor below need not be
considered.

d. Vertical Geometric Irregularity:
Where the horizontal dimension of the seismic force-resisting system in any story

is more than 130% of that in an adjacent story.

e. In-Plane Discontinuity in Vertical Lateral Force-Resisting Element
Irregularity:

Where there is an in-plane offset of a vertical seismic force-resisting element

resulting in overturning demands on supporting structural elements.

f. Discontinuity in Lateral Strength—Weak Story Irregularity:

Where the story lateral strength is less than that in the story above. The story

lateral strength is the total lateral strength of all seismic force-resisting system
elements resisting the story shear for the direction under consideration.

g. Discontinuity in Lateral Strength—Extreme Weak Story Irregularity:




50/ Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

Where the story lateral strength is less than 65% of that in the story above. The
story lateral strength is the total lateral strength of all seismic force-resisting
system elements resisting the story shear for the direction under consideration.

Table 4.2. Horizontal Structural Irregularities

Irregularity Type and Description

a. Torsional Irregularity: Torsional irregularity, defined to exist where either:

e More than 75% of any story’s lateral strength below the diaphragm is provided
at or on one side of the center of mass, or

e The Torsional Irregularity Ratio (TIR) exceeds 1.2:

TIR = Smax

Aave

where Amax 1s the maximum story drift at the building’s edge subjected to lateral
forces using the equivalent lateral force with the application of accidental torsion
and Ax = 1.0; and Aav is the average of the story drifts at the two opposing edges
of the building determined using the same loading and diaphragm rigidity as
applied for the determination of Amax.

The story lateral strength is the total strength of all seismic-resisting elements
sharing the story shear for the direction under consideration.

b. Reentrant Corner Irregularity:
Reentrant corner irregularity, defined to exist where both plan projections of the

structure beyond a reentrant corner are greater than 20% of the plan dimension
of the structure in the given direction.

c.Diaphragm Discontinuity Irregularity:
Diaphragm discontinuity irregularity, defined to exist where there is a diaphragm

with an abrupt discontinuity or variation in stiffness, including one that has a cutout
or open area greater than 25% of the gross enclosed diaphragm area, or a change in
the effective diaphragm stiffness of more than 50% from one story to the next.

d. Out-of-Plane Offset Irregularity:
Out-of-plane offset irregularity, defined to exist where there is a discontinuity in

a lateral force-resistance path, such as an out-of-plane offset of at least one of the
vertical elements.

e. Nonparallel System Irregularity:
Nonparallel system irregularity, defined to exist where vertical lateral force-

resisting elements are not parallel to the major orthogonal axes of the seismic
force-resisting system.
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4.3. Seismic Importance Factor and Risk Category

Buildings and other structures shall be classified based on the risk to human
life, health, and welfare associated with their damage or failure by nature of
their occupancy or use, according to Table 4.3, for the purposes of applying
flood, wind, tornado, snow, earthquake, and ice provisions.

Table 4.3. Risk Category of structures and Seismic Importance Factor

Seismic
Risk Category Importance
Factor (1)

Risk category I including:
a. Buildings and other structures required to maintain their
functionality such as:
-Control rooms

-Mechanical equipment that are essential for the risk category I
structures.

-Power Stations.

-Telecommunication towers.

b. Buildings and other structures, the failure of which could pose 15
a substantial hazard to the community. Buildings and other
structures (including, but not limited to, facilities that
manufacture, process, handle, store, use, or dispose of such
substances as hazardous fuels, hazardous chemicals, or hazardous
waste) containing sufficient quantities of highly toxic substances
where the quantity of the material exceeds a threshold quantity
established by the Authority Having Jurisdiction and is sufficient
to pose a threat to the public if released.

Risk category II including:

a. Buildings and other structures, the failure of which could pose
a substantial risk to human life

b. Buildings and other structures not included in Risk Category I,
with potential to cause a substantial economic impact and/or mass
disruption of day-to-day civilian life in the event of failure

1.25

c. Buildings and other structures not included in Risk Category I
(including, but not limited to, facilities that manufacture, process,
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handle, store, use, or dispose of such substances as hazardous fuels,
hazardous chemicals, hazardous waste, or explosives) containing
toxic or explosive substances where the quantity of the material
exceeds a threshold quantity established by the Authority Having
Jurisdiction and is sufficient to pose a threat to the public if released

Risk category III including:
All buildings and other structures except those listed in Risk 1.0
Categories I, 11, and IV

Risk category IV including:

a. Buildings and other structures that represent low risk to human
life in the event of failure

b. Temporary structures with a service life less than two years.

1.0

Where operational access to a Risk Category I structure is required through
an adjacent structure, the adjacent structure shall conform to the requirements
for Risk Category I structures. Where operational access is less than 3m from
an interior lot line or another structure on the same lot, protection from
potential falling debris from adjacent structures shall be provided by the
owner of the Risk Category I structure.

Note: In cases that there are some ambiguities in assigning the importance
factor or risk category, the consultant should suggest a rational value for
consideration and approval by the authority.
Base shear in service earthquake, Ver in equivalent lateral load procedure is
calculated from Equation 4.1.

Vier =S, I W 4.1

where S, is the service earthquake spectral acceleration (g) from site

Aser

Specified Ground Motion Hazard Analysis and W is effective seismic weight
of the structure.

4.4. Seismic Design Category

Structures shall be assigned a seismic design category in accordance with

Table 4.4.

-Seismic design category 1 (D1): Risk Category I structures located where
the mapped spectral response acceleration parameter at 1-s period, Si, is
greater than or equal to 0.6.



Analysis Methods /53

-Seismic design category 2 (D2): Risk Category I, II, or III structures located
where the mapped spectral response acceleration parameter at 1-s period,
S1, is greater than or equal to 0.6.

-Seismic design category 3 (D3): All structures except those listed in seismic
design category 1 or 2.

Note: Where Spg = 0.75, the seismic design categories D and D> shall be
assigned to the Risk Category I and II structures, respectively.

The structural systems used shall be in accordance with the structural system
limitations and the limits on structural height, contained in Table 4.5.

Table 4.4. Seismic design category based on response acceleration parameters

Sbs S1 .. X
S0751<07512061<06 Seismic design category
D, D; D D; I
D; D; D; D; II
D; D; D; Ds 111
D; D; D; D; v

4.5. Structural Systems and Seismic Factors

4.5.1. Structural System Selection, Seismic Parameters and
Limitations

The basic lateral and vertical seismic force resisting system shall conform to
one of the types indicated in Table 4.5 for building structures and Table 7.1
or 7.2 for nonstructural components. The appropriate response modification
coefficient, Ry; overstrength factor, Qo; and deflection amplification factor,
Cq, indicated in Table 4.5 shall be used in determining the base shear, element
design forces, and design story drift. Each selected seismic force-resisting
system shall be designed and detailed in accordance with the specific
requirements for the system as set forth in the applicable reference document
listed in Table 4.5 and the additional requirements set forth in commentary.
Use of seismic force resisting systems not contained in Table 4.5 shall be
permitted contingent on submittal to and approval by the Authority Having
Jurisdiction and independent structural design review of an accompanying
set of design criteria and substantiating analytical and test data.
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4.5.2. Combinations of Framing Systems in Different
Directions

Different seismic force-resisting systems are permitted to be used to resist
seismic forces along each of the two orthogonal axes of the structure. Where
different systems are used, the respective Ry, Cq, and Qo coefficients shall
apply to each system, including the structural system limitations contained
in Table 4.5.

4.5.3. Combinations of Framing Systems in the Same
Direction

4.5.3.1. Vertical Combinations of Framing Systems in the Same
Direction

Where a structure has a vertical combination in the same direction, the
following requirements shall apply.

a. The period can be assumed as the weighted combination of
periods of the systems.

b. The period should be derived from a model consisting the two
systems without restraining their degrees of freedom.

c. Where the lower system has a lower response modification coefficient,
Ry, the design coefficients (Ry, Qo, and Cq4) for the upper system are
permitted to be used to calculate the forces and drifts of the upper
system. For the design of the lower system, the design coefficients (R,
0o, and Cq) for the lower system shall be used. Forces transferred from
the upper system to the lower system shall be increased by multiplying
by the ratio of the higher response modification coefficient to the lower
response modification coefficient.

d. Where the upper system has a lower response modification coefficient,
the design coefficients (Ru, Qo, and Cq) for the upper system shall be
used for both systems.

Exception: Rooftop structures not exceeding two stories in height and 10%
of the total structure weight, are exempted from this section.
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4.5.3.2. Two-Stage Analysis Procedure for Vertical Combinations of
Systems

A two-stage equivalent lateral force procedure is permitted to be used for
structures that have a flexible upper portion above a rigid lower portion,
provided the design of the structure complies with all of the following:

(a) Stiffness of the lower portion shall be at least 10 times the stiffness of the
upper portion.

(b) Period of the entire structure shall not be greater than 1.1 times the period
of the upper portion considered as a separate structure supported at the
transition plane from the upper to the lower portion.

(c) The upper portion shall be designed as a separate structure using the
appropriate values of Ry and p.

(d) The lower portion shall be designed as a separate structure using the
appropriate values of Ry and p. The reactions from the upper portion shall
be those determined from the analysis of the upper portion, where the
effects of the horizontal seismic load, En, are amplified by the ratio of the
Rup of the upper portion over Ryp of the lower portion. This ratio shall
not be less than 1.0.

(e) The upper portion is analyzed with the equivalent lateral force or modal
response spectrum procedure, and the lower portion is analyzed with the
equivalent lateral force procedure.

(f) The structural height of the upper portion shall not exceed the height limits
of Table 4.5 for the seismic force resisting system used, where the height
is measured from the base of the upper portion.

(g) Where out-of-plane offset horizontal irregularity or in-plane discontinuity in
vertical lateral force-resisting element vertical irregularity exists at the
transition from the upper to the lower portion, the reactions from the upper
portion shall be amplified by the overstrength factor in addition to
amplification required by Item 2.

4.5.3.3. Horizontal Combinations of Framing Systems in the Same
Direction

The value of the response modification coefficient, R, used for design in the
direction under consideration shall not be greater than the least value of R for
any of the systems used in that direction. The deflection amplification factor,
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Cq, and the overstrength factor, Qo, shall be consistent with R required in that
direction.



Analysis Methods /57

Table 4.5 Design Coefficients and Factors for Seismic Force-Resisting Systems

Structural Height
Seismic Force-Resisting System Ru | Q' | Ca Limitations (m)
D1 | D2 | D3
A. | BEARING WALL SYSTEMS
1 | Special reinforced concrete shear walls 5 | 2.5 | 5 | 30 | 50 | 50
2 | Ordinary reinforced concrete shear walls Not Permitted
3 | Intermediate precast shear walls 4 | 2.5 | 4 | 12 | 12 | 12
4 | Ordinary precast shear walls Not Permitted
5 | Special reinforced masonry shear walls 5 | 2.5 | 35 | 30 | 50 | 50
6 Intermediate reinforced masonry shear Not Permitted
walls
Light-frame (wood) walls sheathed with
7 | wood structural panels rated for shear Not Permitted
resistance
8 Light-fram.e (cold-fomled. steel) wall 4 ) 35 20 20 20
systems using flat strap bracing
Light-frame (cold-formed steel) walls
9 | sheathed with wood structural panels | 6.5 3 4 20 20 20
rated for shear resistance or steel sheets
10 Reinforced concrete ductile coupled g 25 g 30 50 50
walls
11 | Shotcrete shear wall 3 2 3 | NP2 10.5 15
B. | BUILDING FRAME SYSTEMS
1 | Steel eccentrically braced frames® 8 2 4 30 50 50
) Steel special concentrically braced 6 ) 5 30 50 50
frames
3 Steel ordinary concentrically braced 325 | 2 325 | NP2 10 10
frames*
4 | Steel buckling-restrained braced frames 8 2.5 5 30 50 50
5 | Special reinforced concrete shear walls 6 2.5 5 30 50 50
6 | Ordinary reinforced concrete shear walls Not Permitted
7 | Intermediate precast shear walls 5 25 | 45 12 12 12
8 Steel . and concrete composite g )5 4 30 50 50
eccentrically braced frames
9 Steel an'd concrete composite special 5 ) 45 30 50 50
concentrically braced frames
10 Steel and concrete composite ordinary Not Permitted
braced frames
11 | Steel special plate shear walls 7 2 6 30 50 50
) Steel and concrete composite special shear 6 25 5 30 50 50
walls
13 Steel and concrete composite ordinary shear Not Permitted

walls

14 | Special reinforced masonry shear walls 5.5 | 2.5 | 4 | 30 | 50 | 50
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15 Intermediate reinforced masonry shear Not Permitted
walls
16 Light-framcﬁ walls with shear panels of all )5 25 | 25 | NP2 | NP2 10
other materials
Light-frame (cold-formed steel) walls
17 | sheathed with wood structural panels 25 | 45| 20 20 20
rated for shear resistance or steel sheets
C. | MOMENT-RESISTING FRAME SYSTEMS
1 | Steel special moment frames 8 3 5.5 | NL? | NL? | NL?
2 | Steel intermediate moment frames 4.5 4 NP2 | NP2 | 10
3 | Steel ordinary moment frames Not Permitted
4 | Steel special truss moment frames 7 3 55 | NP2 | 30 50
5 | Special reinforced concrete moment frames 8 3 5.5 | NL? | NL? | NL?
6 Intermediate reinforced concrete moment Not Permitted
frames
7 | Ordinary reinforced concrete moment frames Not Permitted
8 Steel and concrete composite special moment g 3 ss | w2 | w2 | ez
frames
9 Steel and concrete composite intermediate Not Permitted
moment frames
D DUAL SYSTEMS WITH SPECIAL MOMENT FRAMES CAPABLE OF RESISTING
" | AT LEAST 25% OF PRESCRIBED SEISMIC FORCES
1 | Steel eccentrically braced frames 8 2.5 4 | NL? | NL? | NL?
2 | Steel special concentrically braced frames 7 2.5 | 55 | NL? | NL? | NL?
3 | Steel buckling-restrained braced frames 8 | 25 5 | NL? | NL? | NL?
4 | Special reinforced concrete shear walls 7 | 25 | 55 | NL?2 | NL? | NL?
5 | Ordinary reinforced concrete shear walls Not Permitted
6 Steel and concrete composite eccentrically g 25 4 | N2 | N2 | N2
braced frames
” Steel fmd concrete  composite  special 6 25 5 N2 | Nz | ez
concentrically braced frames
8 | Steel special plate shear walls 8 2.5 | 6.5 | NL? | NL? | NL?
9 | Steel and concrete composite plate shear walls 75 | 2.5 6 | NL? | NL2 | NL?
10 | Steel and concrete composite special shearwalls | 7 | 2.5 6 | NL? | NL? | NL?
1 Steel and concrete composite ordinary shear Not Permitted
walls
12 | Special reinforced masonry shear walls 5.5 | 3 | 5 | NL? | NL? | NL?
13 | Intermediate reinforced masonry shear walls Not Permitted
E DUAL SYSTEMS WITH INTERMEDIATE MOMENT FRAMES CAPABLE OF
" | RESISTING AT LEAST 25% OF PRESCRIBED SEISMIC FORCES
1 | Steel special concentrically braced frames 6 2.5 5 | NP2 | NP? 10
2 | Special reinforced concrete shear walls 6.5 2.5 5 30 30 50
3 Steel zflnd concrete  composite  special 55 25 | as | np2 | 30 50
concentrically braced frames
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4 Steel and concrete composite ordinary braced Not Permitted
frames
¥ CANTILEVERED COLUMN SYSTEMS® DETAILED TO CONFORM TO THE
" | REQUIREMENTS FOR:
1 | Special reinforced concrete moment frames 2.5 25 | 25 10 10 10
2 | Steel special cantilever column systems 2.5 25 ] 25 10 10 10
3 | Steel ordinary moment frames Not Permitted
4 Intermediate reinforced concrete moment Not Permitted
frames
STEEL SYSTEMS NOT SPECIFICALLY
G DETAILED FOR SEISMIC RESISTANCE, Not Permitted
EXCLUDING CANTILEVER COLUMN
SYSTEMS

"' Where the tabulated value of the overstrength factor, Qo, is greater than or
equal to 2.5, Qo is permitted to be reduced by subtracting the value of 0.5 for
structures with flexible diaphragms.

2 NP = Not Permitted, and NL = Not Limited

3 Steel ordinary concentrically braced frames are permitted in single-story
buildings up to a structural height of 20 m where the dead load of the roof
does not exceed 1 kN/m? and in penthouse structures.

4 In cantilever column systems the required axial strength of individual
cantilever column elements, considering only the load combinations that
include seismic load effects, shall not exceed 15% of the available axial
strength, including slenderness effects. Foundation and other elements used
to provide overturning resistance at the base of cantilever column elements
shall be designed to resist the seismic load effects, including overstrength of
Section 2.2.4.

4.6 New Structural Systems

Any new and advanced structural system, other than those of Table 4.5, may
also be considered. However, for those first a certificate from related
organizations should be obtained by the advice of the Authority Having
Jurisdiction.



60/ Iranian Seismic Design Code for Petroleum Facilities and Structures (Code No. 038)

4.7 Redundancy Factor, p

For structures in the direction of interest, p shall be taken as 1.3 unless one

of the following two conditions is met, whereby p is permitted to be taken as

1.0.

Condition 1: For each story where the story shear is greater than 35% of the

base shear in the direction of interest, the following conditions shall be met

with the notional removal of any lateral force resisting element or connection

as indicated in Table 4.6

(a) There are at least two bays of seismic force-resisting framing on each side
of the center of mass.

(b) The reduction in lateral strength of the story in the direction of interest
does not exceed 35%.

(c) The resulting system with consideration of removal of the element does
not have a Type 1 Horizontal Irregularity with a TIR > 1.4.

Condition 2: The structure does not have any horizontal irregularities as
defined in Table 4.2 in the direction of interest at all levels, and the seismic
force-resisting systems shall consist of at least two bays of seismic force-
resisting perimeter framing on each side of the structure at each story
resisting more than 35% of the base shear. The number of bays of shear walls
shall be as defined in Table 4.6.

Exception: The value of p is permitted to equal 1.0 for the following:

1. Drift, Ax, calculation

2. P-delta effects;

3. Design of nonstructural components;

4. Design of nonbuilding structures not similar to buildings in accordance
with Section 7.3;

5. Design of collector elements, splices, and their connections for which the
seismic load effects including overstrength of Section 2.2.4 are used;

6. Design of members or connections where the seismic load effects,
including overstrength of Section 2.2.4, are required for design;

7. Diaphragm seismic design forces determined in accordance with Section
4.13;
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8. Structures with damping systems designed in accordance with Chapter 10;
and

9. Design of structural walls for out-of-plane forces, including their
anchorage.

Table 4.6 Requirements for each story resisting more than 35% of the base shear

Lateral Force- Condition
Resisting Element

Braced frames, light-
frame walls with flat | Removal of an individual brace, or connection thereto
strap bracing

Loss of moment resistance at the beam-to-column
connections at both ends of a single beam

Removal of a shear wall bay, or wall pier, with a height-
to-length ratio greater than 1.0, or connections thereto.
The shear wall and wall pier height-to-length ratios are

Moment frames

Shear walls or wall
piers with a height-
to-length ratio

determined as shown in Figure 4.1. A shear wall bay is
greater than 1.0

defined as the length of the wall divided by the story
height (rounded down).

Loss of moment resistance at the base of any single
cantilever column

Cantilever columns

Other structural Without condition
systems

4.8. Direction of Loading

The directions of application of seismic forces used in the design shall be
those that produce the most critical load effects. In lieu of an analysis that
finds the critical direction of loading for each element of the seismic force
resisting system, it is permitted to satisfy this requirement using one of the
two methods defined in the following:

First Method: The design seismic forces shall be applied independently in
each of the two orthogonal directions.

Second Method: The design seismic forces shall be applied in two
orthogonal directions simultaneously using one of the two following
approaches. Seismic force resisting system member and foundation strength
and drift requirements shall be satisfied for all combinations.
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(a) For a structure analyzed using the equivalent lateral force analysis

procedure of Section 4.10 or the modal response spectrum analysis
procedure of Section 4.10, the effects of 100% of the seismic forces for
one direction shall be combined with the effects of 30% of the forces for
the perpendicular direction. Combinations of force effects shall be
computed such that each axis has the 100% factor in positive and negative

directions.

Story Level

hwall
hypo
i/ I/ Story Level

I'I-wal!

Figure 4.1. Shear wall and wall pier height-to-length ratio determination

hwan= Height of shear wall;

hwp = Height of wall pier;

Lwan = Length of shear wall;

Ly, =Length of wall pier;

hwairLwan = Shear wall height-to- length ratio;
hwyLwp = Wall pier height-to-length ratio.

(b) For a structure analyzed using the linear response history procedure of
Section 4.12.2 or the nonlinear response history procedure of Section

4.12.3, orthogonal pairs of ground motion shall be used concurrently.

The second method shall be permitted if one or more of the following

conditions exist:

1. A column that forms part of two or more intersecting seismic force-
resisting systems and is subjected to axial load due to seismic forces acting
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along either principal plan axes, exceeding 20% of the axial design
strength of the column.

2. The structure has a torsional (Type a of Table 4.2) and nonparallel system
(Type f of Table 4.2) horizontal irregularity.

4.9. Modeling Criteria
4.9.1. Structural Modeling

A mathematical model of the structure shall be constructed for the purpose
of determining member forces and structure displacements resulting from
applied loads and any imposed displacements or P-delta effects. The model
shall include the stiffness and strength of elements that are significant to the
distribution of forces and deformations in the structure and represent the
spatial distribution of mass and stiffness throughout the structure. When
modal response spectrum or response history analysis is performed, a
minimum of three dynamic degrees of freedom consisting of translation in
two orthogonal plan directions and torsional rotation about the vertical axis
at each level of the structure shall be used.
In addition, the model shall comply with the following:
1. Stiffness properties of concrete and masonry elements shall consider the
effects of cracked sections.
2. For steel moment frame systems, the contribution of panel zone
deformations to displacement and drift shall be included.
Structures that have horizontal structural irregularity Type 1, 4, or 5 of Table
12.3.1, shall be analyzed using a 3D representation. Where a 3D model is
used, a minimum of three degrees of freedom consisting of translation in two
orthogonal plan directions and rotation about the vertical axis shall be
included at each level of the structure. Where the diaphragms have not been
classified as rigid or flexible in accordance with Section 4.13, the model shall
include representation of the diaphragm’s stiffness characteristics and, when
dynamic analysis is performed, sufficient degrees of freedom as are required
to account for the participation of the diaphragm in the structure’s dynamic
response.

Exception: Analysis using a 3D representation is not required for structures
with flexible diaphragms that have Type 4 horizontal structural irregularities.
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4.9.2. P-A Effects

P-delta effects on story shears and moments, the resulting member forces and
moments, and the story drifts induced by these effects, are not required to be
considered where the stability coefficient, 0, as determined by equation 4-18
is equal to or less than 0.10.

Where the stability coefficient, 0, is greater than 0.10 but less than or equal
to Omax, the incremental factor related to P-delta effects on displacements and
member forces shall be determined by rational analysis. Alternatively, it is
permitted to multiply displacements and member forces by 1.0/ (1 — 6).
Where 0 is greater than Omax, the structure is potentially unstable and shall be
redesigned.

4.9.3. Infilled Frames and Interaction Effects

Moment-resisting frames that are enclosed or adjoined by elements that are
more rigid and not considered to be part of the seismic force-resisting system,
shall be designed so that the action or failure of those elements will not impair
the vertical load and seismic force-resisting capability of the frame. The
design shall provide for the effect of these rigid elements on the structural
system at structural deformations corresponding to the design story drift (A).
In addition, the effects of these elements shall be considered where

determining whether a structure has one or more of the irregularities defined
in Table 4.1.

4.9.4. Effective Seismic Weight

The effective seismic weight, W, of a structure shall include the dead load
above the base and other loads above the base mentioned in Table 4.7.

4.10 Equivalent Lateral Force (ELF) Procedure
4.10.1. General

The equivalent force procedure can be used for one- or two-story structures
in risk categories III or IV, or structures with LSF (Light Steel Frame), or
regular structures with a height less than 50m from the base.
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4.10.2 Seismic Base Shear

The seismic base shear, V, in a given direction shall be determined in
accordance with equation 4.2:

— Sa
T Ry/I
where

v, w 4.2

Sa: Design spectral response acceleration parameter (g) with 5% damping
ratio defined in Chapter 3.

I: Importance factor determined in accordance with Table 4.3.

W: Effective seismic weight of a structure including the dead load and other
loads above the base (Section 4.17). Where provision for partitions is made,
the actual partition weight must not be considered less than 50 daN/m?.

Table 4.7 Percentage of participation of the live or snow loads in calculation of
the seismic lateral force

Percentage of participation of live

T f li load
ype ol live or snow loa or snow loads

Flat roofs in areas with heavy snow 20

Flat roofs in other areas -

Residential building, office, hotel, public

garages, hospital, school, stores and 20
crowded buildings

Library and storage Minimum of 40
Fluids and bulk material 100

Ru: Response modification factor in Table 4.5;

The effective seismic weight, W, shall include the following items:

1. In areas used for storage, a minimum of 25% of the floor live load shall be
included.

2. Partition loads in accordance with the Iranian National Building
Regulations, Clause 6.

3. Total operating weight of permanent equipments.

4. 20% of the uniform design snow or live flat load, (in accordance with the
Iranian National Building Regulations, Clause 6), whichever is greater.
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4.10.2.1. Minimum Base Shear

The minimum value of V, for structural buildings shall not be less than Eqg.
4.3.

Viin = 0.044S, . WI > 0.01W 4.3

In addition, for structures located where S; = 0.6, V, shall not be less than
Eq.4.4.

Vimin = (0.55:W)/(Ry/1) 4.4

4.10.2.2. Maximum Base Shear

The maximum value of V, for structural buildings need not be larger than
Egs. 4.5 and 4.6.

ForT < T,
SDI
Vmax =—p=W 4.5
r(F)
and for T > Ty,
SDlTL
Vmax = w 4.6
T2 (ﬁ) )
where:

I: Importance factor determined in accordance with Table 4.3.

R.: Response modification factor in Table 4.5;

Spi: Design spectral response acceleration parameter at a period of 1.0 s,
The value of 77, shall be extracted from Chapter 3.

4.10.3. Period Determination

Period is derived from:

T = C,H* 4.7

where:

H: Structural height as defined in Table 4.5 (m)
x: Height exponent determined from Table 4.8
C:: Factor of period determined from Table 4.8



Analysis Methods /67

The fundamental period, 7, shall not exceed the product of the coefficient for
the upper limit on the calculated period, Cr,, from Table 4.9.

It is permitted to determine the approximate fundamental period, T, in
seconds, from Eq. 4.8 for structures not exceeding 12 stories above the base
where the seismic force-resisting system consists entirely of concrete or steel
moment-resisting frames and the average story height is at least 3 m.

T=01N 4.8
where N is the number of stories above the base.

Table 4.8 Values of the approximate period parameters C; and x

Structure type G X
Steel moment-resisting frames 0.072 0.8
Concrete moment-resisting frames 0.047 0.9
Steel eccentrically braced frames 0.073 0.75
Steel  buckling-restrained  braced 0.073 0.75
frames

All other structural systems 0.049 0.75

Table 4.9 Upper limit coefficient of approximate period

Cru Sp1
1.4 >0.3
1.5 0.2
1.6 0.15
1.7 <0.1

Note 1:
If the infill restrains the frame lateral displacement, x = 0.75 and C; = 0.049.

Note 2: The approximate fundamental period, 7, in seconds, for masonry or
concrete shear wall structures is permitted to be determined from Eq.:

0.00058
= H 4.9
N[

Cy is calculated from Eq.4.10:
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m
100 Ag;

W=y
Biﬂ{1+033(

HA\2 4.10
5) |

where:

Ag: Area of the base of structure (m?)

m: Number of shear walls in the building effective in resisting lateral forces
in the direction under consideration

Asi: Web area of shear wall i

D;: Length of shear wall i

4.10.4. Vertical Distribution of Seismic Forces

The lateral seismic force, induced at level x shall be determined from Egs.
4.11 and 4.12:

E. =C,V, 4.11
wyh¥
C, = ——— 4.12
vx 2ie1 Wihﬁc
where:

Cyx: Vertical distribution factor;

wi, wy: Portion of the total effective seismic weight of the structure (W)
located or assigned to level i or x;

hi, hy: Height (m) from the base to level i or x;

n: Number of building levels

k: Exponent related to the structure period determined from Eq. 4.13.

1 T<0.5
k=4105T+0.75 05<T<25 4.13
2 T=>25

Location of the base shall be determined in accordance with Section 17.4
4.10.5. Horizontal Distribution of Forces

The seismic design story shear in any story between level x and x-1, Vx, shall
be determined from Eq. 4.14:
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n
v, = Z F, 4.14
i=x

where:

Fi: Portion of the seismic base shear, V, induced at level i.

The seismic design story shear, V, shall be distributed to the various vertical
elements of the seismic force-resisting system in the story under
consideration based on the relative lateral stiffness of the vertical resisting
elements and the diaphragm.

4.10.6. Inherent Torsion

For diaphragms that are not flexible, distribution of lateral forces at each
level shall consider the effect of the inherent torsional moment, M, resulting
from eccentricity between the locations of the center of mass and the center
of rigidity. For flexible diaphragms, distribution of forces to the vertical
elements shall account for the position and distribution of the masses
supported.

4.10.6.1. Accidental Torsion

Accidental torsional moments, My, shall be determined using an assumed
relocation of the center of mass each way from its actual location by a
distance equal to 5% of the dimension of the structure perpendicular to the
direction of the applied forces. Where earthquake forces are applied
concurrently in two orthogonal directions, the required 5% move of the
center of mass need not be applied in both of the orthogonal directions
simultaneously but shall be applied in the direction that produces the greater
effect for each element considered.

Accidental torsion shall be included in the analysis and design of structures
assigned to Seismic Design Category 1. For structure assigned to Seismic
Design Category 2 and 3, accidental torsion shall be applied if torsional
horizontal structural irregularity exists.

4.10.6.2. Amplification of Accidental Torsional Moment

A structure with rigid diaphragm and torsional horizontal structural
irregularity as defined in Table 4.2, shall have the effects accounted for by
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multiplying M. at each level by a torsional amplification factor, Ay, as
determined from Eq. 15.4:

2

4, = (M) 4.15
1.28 9,

Where:

Omax: Maximum displacement (mm) at level x, computed assuming A4, = 1
Owe: Average of the displacements (mm) at the extreme points of the structure
at level x, computed assuming 4, = 1 (see Fig. 4.2)

The torsional amplification factor, Ax, shall not be less than 1 and is not
required to exceed 3.0. The more severe loading for each element shall be
considered for design.

4.10.7. Overturning

The structure shall be designed to resist overturning effects caused by the
seismic forces.

Fig. 4.2. Torsional amplification factor, A

4.10.8 Story Drift

4.10.8.1. Design Displacement and Drift Determination

The design displacement, dpg, shall be determined at the location of an
element or component using Eq. 4.16.
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Opg = i + bai 4.16

where:
Ca: Deflection amplification factor in Table 4.5.
de: Elastic displacement computed under design earthquake forces, including
the effects of accidental torsion and torsional amplification as applicable;
I: Importance factor determined in accordance with Table 4.3;
ddi: Displacement due to diaphragm deformation corresponding to the design
earthquake, including diaphragm forces mentioned in Section 4.13.
The design drift, A, shall be computed as the difference of the design
displacements, dpg, as determined in accordance with Equation 4.17, at the
centers of mass at the top and bottom of the story under consideration.

Ay= 6pgx — OpEx-1 4.17

Opkex: Design displacement at level x

For structures that have horizontal torsional irregularity in accordance with
Table 4.2, the design drift, shall be computed as the largest difference of the
design displacements of vertically aligned points at the top and bottom of the
story under consideration along any of the edges of the structure, including
the effects of diaphragm rotation.

The elastic analysis of the seismic force-resisting system for computing
displacement and drift shall be made using the prescribed seismic design
forces using a load factor of 1.0

Exception: For determining displacements and drifts, it is permitted to
determine the elastic displacements, d¢, using seismic design forces based on
the computed fundamental period of the structure without the upper limit,
C.T,, specified in Section 4.10.3. In addition, Eq. 4.3 for the minimum base
shear need not be considered for drift calculation.

4.10.9. P-Delta Effects

P-delta effects on story shears and moments, the resulting member forces and
moments, and the story drifts induced by these effects are not required to be
considered where the stability coefficient, 0, as determined by Eq. 4.18 is
equal to or less than 0.10. Where the stability coefficient, 0, is greater than
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0.10 but less than or equal to Omax, the incremental factor related to P-delta
effects on displacements and member forces shall be determined by rational
analysis. The stability coefficient, 0, shall not exceed Omax in Eq. 4.19.

g, = Dildi 418
YT Vi ’

Omax = 05 <0.25 4.19
max BCd —_ . .

where:

P;: Total vertical design load at and above level i; when computing P;, no
individual load factor needs exceed 1.0;

Vi: Story stiffness at level i;

Aj: Elastic story drift between levels x and x — 1

hi: Story height below level x

[: Ratio of shear demand to design shear capacity for the story between levels
x and x — 1. The value of B is permitted to be conservatively taken as 1.0,
and shall not be taken less than1.25/Q in Eq. 4.19.

Cq: Deflection amplification factor in Table 4.5.

4.11. Linear Dynamic Analysis
4.11.1. General

All structures designed in accordance with this section shall be analyzed
using a three-dimensional representation.

Where the diaphragms have not been classified as rigid in accordance with
Section 4.13, the model shall include representation of the diaphragm’s
stiffness characteristics and additional dynamic degrees of freedom as
required to account for the participation of the diaphragm in the structure’s
dynamic response. The P-delta effects shall be determined in accordance
with Section 4.11.9. A soil-structure interaction reduction is permitted where
determined using Chapter 6.

4.11.2. Modal Response Parameters

The value for each related design parameter of interest, including story drifts,
support forces, and individual member forces for each mode of response,
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shall be computed using the properties of each mode and the response spectra
divided by the quantity R, /I. The value for displacement and drift quantities
shall be multiplied by the quantity Cqu/I.

4.11.3. Number of Modes

An analysis shall be conducted to determine the natural modes of vibration
for the structure. The analysis shall include a sufficient number of modes to
obtain a combined modal mass participation of 100% of the structure’s mass.
For this purpose, it shall be permitted to represent all modes with periods less
than 0.05 s in a single rigid body mode that has a period of 0.05 s.
Alternatively, the analysis shall be permitted to include a minimum number
of modes to obtain a combined modal mass participation of at least 90% of
the actual mass in each orthogonal horizontal direction of response
considered in the model.

4.11.4. Combined Response Parameters

The value for each parameter of interest calculated for the various modes

shall be combined using two following methods:

- Square root of the sum of the squares (SRSS) method

- Complete quadratic combination (CQC) method. This method shall be used
for each of the modal values where closely spaced modes have significant
cross-correlation of translational and torsional response.

4.11.5. Scaling of Responses

Where the combined response for the modal base shear, V7, is less than 100%
of the calculated base shear, V, using the equivalent lateral force procedure,
the forces shall be multiplied by V/V..

4.11.6. Torsion

Distribution of horizontal shear shall be in accordance with Section 4.10.6.
The effects of accidental torsion shall be accounted for by applying a static
accidental torsional moment, My, determined in accordance with Section
4.10.6.1, to the mathematical model, and combining the results with the
scaled design values computed in accordance with Section 4.11.5.
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For structures without a torsional horizontal irregularity, the effects of accidental
torsion may be included in the dynamic analysis model in lieu of applying M.
When the effects of accidental torsion are included in the dynamic analysis model
and TIR < 1.6, amplification of torsion in accordance with Section 4.10.6.2 is not
required. If TIR > 1.6, accidental torsion shall be added as a static load case in
accordance with Section 4.10.6.2.

4.11.7. Overturning

The structure shall be designed to resist overturning effects in accordance
with section 4.10.7.

4.11.8. Story Drift

Story drift determined in accordance with Section 4.11.5 shall not exceed the
allowable maximum displacements determined in Section 4.15.

4.11.9. P-Delta Effects

The P-delta effects shall be determined in accordance with Section 4.10.9.
Displacement and drifts shall be determined in accordance with Section
4.10.8.

4.11.10. Soil-Structure Interaction Effects

A soil-structure interaction reduction is permitted where determined using
Chapter 6 or other generally accepted procedures approved by the Authority
Having Jurisdiction.

4.11.11. Structural Modeling

A mathematical model of the structure shall be constructed in accordance
with Section 4.9, except that all structures designed in accordance with this
section shall be analyzed using a three-dimensional representation. Where
the diaphragms have not been classified as rigid in accordance with Section
4.13, the model shall include representation of the diaphragm’s stiffness
characteristics and additional dynamic degrees of freedom as required to
account for the participation of the diaphragm in the structure’s dynamic
response.
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4.12. Time-History Analysis
4.12.1. General

Time-history analysis can be linear based on 4.12.2 or nonlinear based on 4.12.3

4.12.2. Linear Response History Analysis

Linear response history analysis shall consist of an analysis of a linear
mathematical model of the structure to determine its response through
methods of numerical integration, to suites of spectrally matched
acceleration histories compatible with the design response spectrum for the
site. The analysis shall be performed in accordance with the requirements of
this section.

4.12.2.1. Procedure for Spectrum Matching

Each component of ground motion shall be spectrally matched over the
period range 0.87jower to 1.2T,pper. Over the same period range and in each
direction of response, the average of the 5% damped pseudo acceleration
ordinates computed using the spectrum-matched records shall not fall above
or below the target spectrum by more than 10% in each direction of response.

4.12.2.2. Modification of Response for Design
4.12.2.2.1. Determination of Maximum Elastic and Inelastic Base Shear

For each ground motion analyzed, a maximum elastic base shear, designated
as Vex and Vey in the X and Y directions, respectively, shall be determined.
The mathematical model used for computing the maximum elastic base shear
shall not include accidental torsion. For each ground motion analyzed, a
maximum inelastic base shear, designated as Vix and Vjy in the X and Y
directions, respectively, shall be determined as follows:

VEX
Ve =
T (Rux /D)
VEY
Vixy = ———
MY (Ruy /D)

where [, is the importance factor and R.x and R,y are the response
modification coefficients for the X and Y directions, respectively.

4.20-a

4.20-b
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4.12.2.2.2. Determination of Base Shear Scale Factor

Design base shears, Vx and Vy, shall be computed in the X and Y directions,
respectively, in accordance with Section 4.12.2.2.1. For each ground motion
analyzed, base shear scale factors in each direction of response shall be
determined as follows:

Y 51 421
Ny =—=5— = 21-a
¥ Vi
V.
ny=%z1 421-b
1Y

4.12.2.2.3. Determination of the Combined Force Response

For each direction of response and for each ground motion analyzed, the

combined force response shall be determined as follows:

(a) The combined force response in the X direction shall be determined as
Lnx/Rux times the computed elastic response in the X direction using the
mathematical model with accidental torsion, where required, plus Z#7y/Ruy
times the computed elastic response in the Y direction using the
mathematical model without accidental torsion.

(b) The combined force response in the Y direction shall be determined as
Lny /Ruy times the computed elastic response in the Y direction using the
mathematical model with accidental torsion, where required, plus L.yx/R.x
times the computed elastic response in the X direction using the
mathematical model without accidental torsion.

4.12.2.2.4. Determination of the Combined Displacement Response

Response modification factors Cax and Cgy shall be assigned in the X and Y

directions, respectively. For each direction of response and for each ground

motion analyzed, the combined displacement responses shall be determined
as follows:

(a) The combined displacement response in the X direction shall be
determined as Cuxnx /Rux times the computed elastic response in the X
direction using the mathematical model with the accidental torsion, where
required, plus Cayy/Ruy times the computed elastic response in the Y
direction using the mathematical model without the accidental torsion.

(b) The combined displacement response in the Y direction shall be
determined as Cyyny/Ruy times the computed elastic response in the Y
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direction using the mathematical model with the accidental torsion, where
required, plus Caxnx /R.x times the computed elastic response in the X
direction using the mathematical model without accidental torsion.

Note 1: Where the design base shear in the given direction is not controlled
by Eq. (12.8.7), the factors nx or ny, as applicable, are permitted to be taken
as 1.0 for the purpose of determining the combined displacements.

4.12.2.2.5. Enveloping of Force Response Quantities

Design force response quantities shall be taken as the envelope of the
combined force response quantities computed in both orthogonal directions
and for all ground motions considered. Where force interaction effects are
considered, demand to capacity ratios are permitted to be enveloped in lieu
of individual force quantities.

4.12.2.2.6. Enveloping the Displacement Response Quantities

Story drift quantities shall be determined for each ground motion analyzed
and in each direction of response using the combined displacement responses
defined in Section 4.12.2.2.4. For the purpose of complying with the drift
limits specified in Section 4.15, the envelope of story drifts computed in both
orthogonal directions and for all ground motions analyzed shall be used.

4.12.2.3. Number of Modes to Include in Modal Response History
Analysis

Where the modal response history analysis procedure is used, number of
modes to include in the analysis shall be in accordance with Section 4.11.3.

4.12.2.4. Damping

Linear viscous damping shall not exceed 5% critical for any mode with a
vibration period greater than or equal to Tiower.

4.12.2.5 Accidental Torsion

Accidental torsion, where required by Section 4.10.6.1, shall be included by
offsetting the center of mass in each direction (i.e., plus or minus) from its
expected location by a distance equal to 5% of the horizontal dimension of
the structure at the given floor measured perpendicular to the direction of
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loading. Amplification of accidental torsion in accordance with Section
4.10.6.2 is not required.

4.12.2.6. P-Delta Effects

The mathematical model shall include P-delta effects. Limits on the stability
coefficient, 0, shall be satisfied in accordance with Section 4.10.9.

4.12.2.7. Overturning
Overturning should be checked based on 4.10.7.

4.12.3. Nonlinear Response History Analysis

4.12.3.1. General Requirements

Nonlinear response history analysis shall include the effects of horizontal
motion. Nonlinear response history analysis shall explicitly include the
effects of vertical response where vertical elements of the gravity force-
resisting system are discontinuous.

4.12.3.2. Design Spectral Parameters

A suite of not less than 11 ground motions shall be selected for each target
spectrum. Design element forces, nonlinear displacements and story drifts
shall be taken as the mean value of the response parameter of interest
obtained from the suite of analyses.

4.12.3.3. P-Delta Effects
The mathematical model shall include the P-delta effects.
4.12.3.4. Torsion

Inherent eccentricity resulting from any offset in the centers of mass and
stiffness at each level shall be accounted for in the analysis. In addition,
where a horizontal torsional structural irregularly exists, as defined in Table
4.2, accidental eccentricity consisting of an assumed displacement of the
center of mass each way from its actual location by a distance equal to 5% of
the diaphragm dimension of the structure parallel to the direction of mass
shift, shall be considered. The required 5% displacement of the center of
mass need not be applied in both orthogonal directions at the same time.
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4.12.3.5. Design Review

An independent structural design review shall be performed in accordance
with the requirements of this section. Reviewer(s) shall consist of one or
more individuals acceptable to the Authority Having Jurisdiction and
possessing knowledge of nonlinear time history analysis and behavior of
structural systems subjected to cyclic loading.

4.12.3.6. Story Drift

The story drift for all building heights shall not exceed 1.25 times the limits
of Table 4.10.

4.12.3.7. Overturning

The structure shall be designed to resist overturning effects in accordance
with Section 4.10.7.

4.13 Diaphragms, Chords, and Collectors

The structural analysis shall consider the relative stiffnesses of diaphragms
and the vertical elements of the seismic force-resisting system.

Drift Aypye

------ Deflection 8,,pp

lateral load \'

Equivalent tributary

Figure 4.3. Flexible diaphragm

Diaphragms of concrete slabs or concrete-filled metal deck with span-to-
depth ratios of 3 or less in structures that do not have a Horizontal Structural
Irregularity are permitted to be idealized as rigid.

4.13.1. Design Diaphragms

Diaphragms shall be designed for both the shear and the bending stresses
resulting from design forces. At diaphragm discontinuities, such as openings
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and reentrant corners, design shall ensure that the dissipation or transfer of
edge (chord) forces, combined with other forces in the diaphragm, is within
the shear and tension capacity of the diaphragm.

Floor and roof diaphragms shall be designed to resist in-plane seismic design
forces from the structural analysis but shall not be less than that determined
in accordance with Eq. (4.22) as follows:

n
Ex = %Wm 4.22
The force determined from Eq. (4.23) shall not be less than:
Fyx = 0.25p5Iwy, 4.23
Eyx = 0.4SpsIwpy 4.24

Fi: Design force applied to level i;

wpr: Weight tributary to the diaphragm at level x.

Diaphragms shall be designed for the inertial forces determined from
Eq.(4.22) through (4.24) and for applicable transfer forces resisted by the
diaphragm between vertical seismic force-resisting elements. For structures
that have an Out-of-Plane Offset horizontal structural irregularity in Table
4.2, the transfer forces between horizontally offset vertical seismic force
resisting elements shall be increased by the overstrength factor before being
added to the diaphragm inertial forces

4.13.2. Collector Design

Collector elements shall be provided that are capable of transferring the
seismic forces originating in other portions of the structure to the element
providing resistance to those forces.

Collector elements and their connections, including connections to vertical

elements, shall be designed to resist the maximum of the following:

a) Forces calculated using the seismic load effects including overstrength in
Section 2.2.4 in which the seismic forces are determined by the equivalent
lateral force procedure of Section 4.10 or the modal response spectrum
analysis procedure of Section 4.11;

(b) Forces calculated using the seismic load effects including overstrength in
Section 2.2.4 in which the seismic forces are determined by Eq. (4.22);
and,
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(c) Forces calculated using the load combinations of Section 2.2.3 in which
the seismic forces are determined by Eq. (4.23).

4.13.3. Increase in Forces Caused by Irregularities

For structures having a horizontal structural irregularity of Types a to e in
Table 4.1 or a vertical structural irregularity of Type c in Table 4.2, the design
forces determined using Section 4.13.1 shall be increased by 25% at each
diaphragm level where the irregularity occurs for the following elements of
the seismic force-resisting system:

1. Connections of diaphragms to vertical elements and to collectors,

2. Collectors and their connections, including connections to vertical

elements of the seismic force-resisting system.

Exception: Forces calculated using the seismic load effects including
overstrength in Section 2.2.4, need not be increased.

4.14. Structural Walls
4.14.1. Design for Out-of-Plane Forces

Structural walls shall be designed for a force F), normal to their surface equal
to 0.4Spsl times the weight of the structural wall with a minimum force of
10% of the weight of the structural wall.

4.14.2. Anchorage of Structural Walls and Transfer of Design
Forces into Diaphragms or Other Supporting Structural
Elements

The anchorage of structural walls to supporting construction shall provide a
direct connection capable of resisting the following force:

FP = 0-4SDskaIWP 4.25
in which:

ke =1+ Ls/30 4.26
where:

Fp: Design force in the individual anchors;
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Sps: Design spectral response acceleration parameter at short periods per
Chapter 3

I: Importance factor determined in accordance with Section 4.3;

K.: Amplification factor for diaphragm flexibility;

Ly Span, in meter, of a flexible diaphragm that provides the lateral support
for the wall; span is measured between the vertical elements that provide
lateral support to the diaphragm in the direction considered (use zero for rigid
diaphragms); and,

Wp: Weight of the wall tributary to the anchor.

F, shall not be taken as less than the larger of 0.2k./W, and 0.24 kN/m? times
the area of the wall tributary to the anchor, but k. need not be taken as larger
than 2.0, and need not be taken as larger than 1.0 when the connection is not
at a flexible diaphragm.

Where the anchorage is not located at the roof and all diaphragms are not
flexible, the value from Eq. (4.25) is permitted to be multiplied by the factor
(1+2z/h)/3, where z is the height of the anchor above the base of the structure,
and /4 is the height of the roof above the base; however, F), shall not be less
than required by Section 4.14.1 with a minimum anchorage force of F),
=0.2W, but not less than 0.24 kN/m? times the area of the wall tributary to
the anchor.

Structural walls shall be designed to resist bending between anchors where
the anchor spacing exceeds 1.2 m. Interconnection of structural wall elements
and connections to supporting framing systems shall have sufficient strength,
rotational capacity, and ductility to resist shrinkage, thermal changes, and
differential foundation settlement when combined with seismic forces.

4.15. Drift and Deformation

The design drift ratio at level x, Av/Asy, as determined in Sections 4.10.8 and
4.11.8, shall not exceed the allowable value as obtained from Table 4.10 for
any story. A is the story height below level x.

Exception 1: For seismic force-resisting systems solely comprising moment
frames, the design story drift, A, shall not exceed A./p for any story. p shall
be determined in accordance with Section 4.7.
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Exception 2: There shall be no drift limit for single-story structures in which
the interior walls, partitions, and ceilings have been designed to
accommodate story drifts associated with the design displacement. Structures
in which the basic structural system consists of masonry shear walls designed
as vertical elements cantilevered from their base or foundation support that
are constructed such that moment transfer between shear walls (or, coupling)
is negligible.

Table 4.10. Allowable Drift ratio, A /h.

Risk Category
L 11 111 v

Structure

Structures, other than masonry shear wall structures,
four stories or less above the base with interior
walls, partitions, and ceilings that have been | 0.015 | 0.020 | 0.025
designed to accommodate the drifts associated with
the design displacements

Masonry cantilever shear wall structures 0.010 | 0.010 | 0.010
Other masonry shear wall structures 0.007 | 0.007 | 0.007
All other structures 0.010 | 0.015 | 0.020

4.15.1.  Additional Requirements for  Computing
Displacement and Drift

For determining displacements and drifts, it is permitted to determine the
elastic displacements, dc, using seismic design forces based on the computed
fundamental period of the structure without the upper limit, C, 74, specified
in Section 4.10.3. Equation 4.3 need not be considered for computing drift.

Exception 1: For structures that have torsional horizontal irregularity, the
design story drift shall be computed as the largest difference of the design
displacements of vertically aligned points at the top and bottom of the story
under consideration along any of the edges of the structure, including the
effects of diaphragm rotation.
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Figure 4.4. Story drift determination

4.15.2. Structural Separation

Adjacent structures on the same property shall be separated by at least dwmr,
determined by Eq. 4.27.

4.27

Sur =V Bu1)? + (Bu2)?
Separations shall allow for the design displacements, dm, as determined in

accordance with Eq. 4.28.

5, = Cdé;n;ax 498

where:
Smax: Maximum elastic displacement computed under design earthquake

forces, including the effects of accidental torsion and torsional amplification

as applicable
The structure shall be set back from the property line by at least the

displacement dm of that structure.

4.16. Reduction of Foundation Overturning

Overturning effects at the soil-foundation interface are permitted to be
reduced by 25% for foundations of structures that satisfy both of the

following conditions:
(a) The structure is designed in accordance with the equivalent lateral force

analysis as set forth in Section 4.10,
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(b) The structure is not an inverted pendulum or cantilevered column type
system.

4.17. Base Level

Base level is the level at which the horizontal seismic ground motions are
considered to be imparted to the structure, with the following considerations:

a) For typical buildings on level sites without a basement where vertical
elements are supported at various elevations on the top of footings, pile
caps, and perimeter foundation walls, the base is generally established as
the lowest elevation of the tops of elements supporting the vertical
elements of the seismic force-resisting system.

b) For a building with a basement located on a level site, it is often
appropriate to locate the base at the floor closest to grade.

c¢) For a floor level above grade to be considered the base, it generally should
not be above grade more than one-half the height of the basement story.

d) Principles for the two-stage equivalent analysis must be satisfied.

e) For the base to be located at a floor level above grade, stiff foundation
walls on all sides of the building should extend to the underside of the
elevated level considered the base.

4.17.1. Elements that are not part of the lateral resisting
system
All the elements that are not part of the lateral resisting system of the

structure, should be designed in such a way that can accommodate the lateral
displacements of the structure.
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5.1. Introduction

The site geotechnical hazards during an earthquake include surface faulting,
liquefaction, and landslides, where their investigation, analysis approach,
and ways to reduce their effects have been discussed in Sections 5.2 to 5.4.
These risks should be considered in relation to the desired hazard level. Due
to the reliance of the geotechnical engineering profession on numerous
laboratory and field tests as well as significant changes in soil properties, in
this chapter, more reliance is placed on engineering judgment and
interpretation of observations and test results. On the other hand, engineering
experience assumes a more fundamental role. Therefore, it is necessary for
the contents of each section from 5.2 to 5.4 to be used by a geotechnical
expert familiar with earthquake engineering issues and experienced in each
section.

Topics related to geological engineering studies and geotechnical
investigation, such as engineering geological maps, soil layering, evaluating
the engineering characteristics, bedrock level, underground water conditions
and other site specifications have not been mentioned in this regulation. In
these topics, it is necessary to refer to authoritative sources such as the 7th
clause of the Iranian National Building Regulations. One of the important
things that should be taken into account in the geotechnical investigation
phase is that an earthquake may cause surface earth settlement in limited or
large areas. This settlement can be due to compaction in loose granular soils
or land extracted from sea. Also, an earthquake may cause the collapse of
underground spaces such as mines, tunnels, subterranean canals, caves and
karst holes. As a result, a significant settlement will occur in a large area.
Using reliable references, the aforementioned settlements should be
evaluated based on the information obtained in the geotechnical investigation
stage of the land and related to the desired hazard level.

5.1.1. Symbols

The symbols used in this chapter are listed below along with their definitions
in alphabetical order.
CRR7s : Cyclic shear stress ratio of soil

CSR : Cyclic shear stress ratio of soil caused by earthquake
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FSL : liquefaction safety factor

Frga : Site coefficient for peak ground acceleration (PGA)
g : Earth's gravitational acceleration

K o : Correction factor for overburden pressure

MSF : Magnitude scale coefficient

Mw : Earthquake magnitude

Ni,60 : Modified SPT number for overburden

PGA : Maximum acceleration of bedrock

PGAsurface : Maximum acceleration of the ground surface

qcin : CPT normalized tip resistance

rd : Depth reduction factor

Vs : Shear wave velocity of the soil layer

Vi : Normalized shear wave velocity of the soil layer
O, : Total stress in the middle of the soil layer

O"v0 . Effective stress in the middle of the soil layer

T e : Equivalent average stress due to earthquake

T ox : Maximum shear stress of the soil layer

5.2. Surface fault rupture

5.2.1. Introduction

In previous earthquakes, in some cases, faulting has led to very large
displacements on the earth's surface and has caused damage to engineering
structures exposed to faulting. In this section, investigation of this hazard
event isperformed in the form of an analysis approach and engineering
measures to reduce the hazard.
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5.2.2. Analysis approach

Evaluation of the potential of fault rupture hazard in a construction site
should be done in the framework of the following general steps:
1. Considerations related to the type and importance of the structure:

- The structures are classified into types of concentrated and linear
structures. For centralized structures with seismic design categories D1,
D, and Ds,according to Chapter 4, it is necessary to prepare a report
of geotechnical studies including all hazards of permanent ground
movement, including fault rupture, by the relevant expert. Structures
of seismic design groups D1 and D2, except for pipelines, should not be
built in a place where a known active fault , defined in Chapter 3,
causes the ground surface to break at the structure's location. If there
are problems for locating such structures and there is no other option,
a qualified expert team including seismic, geotechnical and structural
consultants with expertise related to the design of structures should
approve the design process.

- For designing the tanks of the use and hazard group I and II in near-
fault areas, conducting a special study for the effect of fault rupture is
necessary. For buried pipelines, it is recommended for the pipe route
to be selected in such a way that it does not pass through an active fault
where possible. If the pipe route is unavoidable through an active fault,
the pipe will collapse due to the design permanent displacement of the
faultln such a case, value of the fault displacement and direction of the
slide relative to the pipeline route shall be determined. Moreover, the
pipelines should be laid in relatively straight routes and extreme
changes in the longitudinal and elevation direction of the pipeline
should be avoided. As much as possible, pipelines should be built
without bends, elbows and flanges that connect the pipeline to the
ground.

2. Estimating the displacement associated with the fault rupture at the

bedrock, according to Chapter 3

3. Calculation of displacement in the alluvium layers in the free-field
condition and in the presence of footing with suitable methods including
validated numerical models or if possible using physical modeling
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4. Determining the safe range of setback construction according to the exact
position of the fault in its depth and slope, the characteristics of alluvium
and considering its uncertainties and its effect on the path of the fault, as
well as the effect of the stiffness of the foundation and its overburden on
the propagation path of the surface rupture.

5.2.3. Engineering measures to reduce the effects of fault
rupture

Since it is not possible to prevent the faulting phenomenon at the foundation,
it is necessary to reduce the resulting hazards. These hazards should be
investigated separately for two categories of existing and new buildings. In
this regard, the following points are important:

- Selecting the type of foundation and paying attention to the depth of the
fault, asavoiding to choose deep foundations or surface foundations, per
case.

- Selection of suitable structural systems to adapt to the expected
displacements and forces.

- Using geotechnical measures, including the deviation of the fault path, or
spreading the shear band, or minimizing the hazards of surface faulting.

Regarding the pipes, using special connections with high rotation capability,

lightening the pipe and converting the local failure into a beam failure in

which the pipe function does not stop.

5.3. Liquefaction

Soil liquefaction is a phenomenon in which saturated cohesionless soil loses
a substantial amount of strength due to pore pressure generation resulting
from earthquake strong ground shaking. Liquefaction can lead to reduction
of foundation-bearing capacity, general or non-uniform settlement, lateral
spreading, and flow failure. This phenomenon is investigated in three steps
including (1) the requirements of liquefaction assessment, (2) the evaluation
of liquefaction potential, and (3) liquefaction effects. If the design criteria of
structures, pipelines, and geo-structures are not provided, the destructive
effects of liquefaction should be controlled by using soil improvement
methods.
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5.3.1. Seismic level

Evaluation of liquefaction potential is not required for peak ground surface
accelerations, PGAsurface, less than 0.1g.

Note: Where loose to very loose saturated sands are within the subsurface
soil profile and PGA is less than 0.1g, evaluation of the liquefaction potential
according to Section 5.3.2 should also be considered if conditions of
liquefaction susceptibility mentioned in Section 5.3.1.2 are met. The soil
density can be estimated based on valid available correlations with field tests.

5.3.1.2. Liquefaction susceptibility

The liquefaction assessment is required unless one of the following
conditions is met:

Ground Water Level: The past, current, and future groundwater level is
more than 25m from the existing ground surface or project base level,
whichever is deeper.

Depth: Depth of the soil layer is more than 25m from the existing ground
surface or project level, whichever is deeper.

Soil Characteristics: If one of the following conditions is met for the soil

layers, it is not required for further investigation to evaluate liquefaction:

e In soils containing less than 5% of fine content, if the SPT test is
performed, the corrected SPT value corrected for overburden pressure,
should be more than 30 (Ny,¢o > 30 )or if the CPT test is performed, the
dimensionless normalized tip resistance should be more than 160 (q.;y >
160).

Note: For gravels or gravel-containing soils, the values of SPT and CPT tests

should preferably not be used, or if used, the values should be modified.

e The normalized shear wave velocity of each layer should be more than
250 m/s.

¢ In case of encountering fine-content soils and if the liquefaction potential
is not present based on the latest valid criteria for the liquefaction of fine-
content soils.
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5.3.2. Liquefaction potential assessment

The liquefaction potential of the suspicious soil layers is evaluated using the
simplified shear stress method with deterministic and probabilistic
approaches. For this purpose, it is necessary to investigate the liquefaction
potential of soil layers up to a depth of 25 meters from the ground surface.
The peak ground surface acceleration, PGAsureface, and the average
magnitude, My, are used in the simplified shear.

Note: In order to perform the site response analysis for estimations of the
peak ground surface acceleration or for stress-strain numerical modeling, to
be used for evaluation of the liquefaction effects according to Section 5.3.3,
it is necessary to employ 7 pairs of acceleration records, as selected per
Chapter 3, for analysis.

The liquefaction potential is calculated by the simplified shear stress method
using the liquefaction safety factor, FS;, which is obtained by Eq. 5.1:

CRR; 5

FS, =
T

YMSF K 5.1

The cyclic stress ratio (CSR) is estimated by:

CSR = Zoe — 0,65 2G4 %0 . 5.2

GvO g O_VO

T . . . .
where —= is the representative earthquake induced cyclic shearing stress
O-VO

divided by the initial (i.e. pre-earthquake) effective overburden stress, PGA

. . . O . .
is the peak ground surface acceleration in units of g, —%is the ratio of the
O-VO

initial total overburden stress to the initial effective overburden stress, and rq
is the soil flexibility factor.

Note: If numerical analyses are carried out for the site response analysis, the

values of 7,,, in the middle of each layer are calculated using Eq. 5.3:

r,. =065t 33
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where 7., is the maximum shear stress obtained from the dynamic shear

stress history in the middle of each layer.

A magnitude scaling factor (MSF) should be used for correcting for
magnitudes different from 7.5, according to valid references.

The K ;factor may be calculated using a valid reference.

For determining the cyclic resistance ratio, CRR7s, simplified methods can
be usedbased on the results of field tests including standard penetration test
(SPT), cone penetration test (CPT) and shear wave velocity (Vs) test.

5.3.2.1. Deterministic method

In the deterministic approach, the decision criterion is based on the
liquefaction safety factor, according to Section 5.3.2. The liquefaction safety
factor is calculated for each soil layer , separately. Occurrence of liquefaction
is certain for FS <1 and the residual resistance of soil should be considered
for calculations of liquefaction effects. Generation of pore water pressure is
likely for 1<FSi<1.5 and the effect of excess pore water pressure should be
considered on buildings, according to Section 5.3.3, and on foundation
bearing capacity. Assessment of liquefaction effects is not required when
FSi<1.5.

5.3.2.1. Probabilistic method

The probabilistic methods can provide a more appropriate judgment of
liquefaction conditions compared with the deterministic methods in some cases
because of the uncertainties of soil parameters, available empirical relationships
as well as seismic parameters. Probability of liquefaction, PL can be calculated
using probability equations presented in authoritative references.

Note: In important structures or in situations where it is difficult to make a
decision regarding the occurrence of liquefaction and its effects, it is
recommended to use more accurate and complementary methods of
liquefaction assessment such as cyclic tests and physical modeling.
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5.3.3. Liquefaction effects

Variation of pore water pressure during liquefaction can lead to settlement,
lateral spreading, flow failure and reduction of foundation bearing capacity.
Each of these effects should be studied separately using numerical, analytical
or semi-analytical methods on liquefiable sites, based on Section 5.3.2, and
its results should be considered in the relevant calculations.

Note: In case the construction of a highly important structures on a
liquefiable soil is unavoidable, it is necessary to use additional studies such
as geotechnical tests and numerical simulations by advanced numerical
models, which are based on appropriate models for the cyclic behavior of
soils.Effects of liquefaction on the structure should be more carefully
investigated and a decision should be made accordingly.

5.3.3.1. Ground surface settlement

The liquefaction process can lead to ground settlements with its amount
being in many cases more than the allowable value. The liquefaction-induced
settlement can be calculated using the volumetric strain methods for free-
field sites. If the structure is placed on such a ground, value of the settlement
should be estimated by combining the volumetric settlement caused by the
overburden and the shear settlement caused by shear stresses from the
building. This settlement can be estimated based on empirical models and
numerical methods.

5.3.3.2. Foundation bearing capacity

Soil resistance decreasing during liquefaction can cause a significant
displacement and as a result, failures can be resulted from a decrease in the
bearing capacity. For this reason, it is not recommended to use single or strip
foundations on liquefiable soils, unless the soil is improved or the load of the
structure is transferred to deeper layers.

Note: In the design of shallow and deep foundations, the shear resistance
reduction coefficients due to liquefaction should be considered.
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5.3.3.3. Lateral spreading and flow failure

Liquefaction can lead to lateral spreading or flow failure in sloping or free-field
grounds. It is necessary to consider both of these phenomena for the design of
coastal walls, caisson quay walls, and other cases. Lateral spreading and flow
failure can be calculated using experimental, analytical, or numerical methods
such as the sliding block method and the empirical methods. The pseudo-static
methods can be used by consideration of soil resistance reduction coefficients
accounting for the pore water pressure buildup, or by numerical procedures.

Note: It is necessary to calculate the reduced soil resistance by the available
methods for estimation of seismic sliding displacement (e.g., sliding block
methods).

5.3.3.4. Soil improvement methods

It is necessary to prevent the liquefaction effects on structures by soil
improvement methods in liquefiable soils. Improvement methods include
methods that prevent soil liquefaction or transfer the loads of the
superstructure to non-liquefiable layers (without soil improvement). Each of
these methods can be selected based on the conditions of the construction
project.

5.4. Landslide
5.4.1. Introduction

A landslide is defined as the down-slope mass movement of earth resulting
from any cause. Landslides and slope instability have occurred in many large
earthquakes. Depending on the geometry of the earth, the geotechnical
properties of the soil and the characteristics of the earthquake, this
phenomenon may occur in different shapes and dimensions in an area.

In this section, landslide hazard assessment requirements at a site will be
described in two parts: analysis approach and methods of mitigation of the
hazard. All contents of this section shall be used with the approval of a
geotechnical engineer familiar with earthquake engineering issues and the
term "expert" in the landslide section refers to such an expert. In addition, it
should be noted that the estimation of the risk of slipping by an "expert" is
based on experience and engineering judgment, and for this reason, in this
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section, they are presented in a qualitative format.

5.4.2. Analysis Approach

Landslide risk susceptibility and potential assessment at a site is performed
in the following general steps:

1-

The first stage of assessment begins with small-scale studies. First, the
historical earthquakes, existing information, geological, geomorphological
and zonation maps, if available, and also the seismicity of the area are studied.
Then, on a larger scale, air photos are investigated and site visits are
performed. Finally, if the possibility of a landslide is detected by the expert,
the instability is evaluated and analyzed based on the data of geotechnical
studies and according to what will follow.

If the landslide hazard assessment at the site requires large-scale
investigation, slope stability analysis based on geotechnical studies is
performed. In this case, the subsurface soil layering information must be
carefully specified so that the slope is modeled with correct input data.
Determining the subsurface layering as accurately as possible is one of the
most important requirements for correctly assessing the landslide
potential and correctly estimating the resulting displacement. Subsoil
layers are determined using geological information, field and laboratory
tests on samples taken from boreholes, geophysical tests, and the use of
other field evidence.

Pseudo-static analyses with limit state methods shall be used to determine
slope stability if the soils are not susceptible to liquefaction or otherwise
expected to lose shear strength during deformation. If the slope safety
factor is less than one, the slope displacement is determined based on a
valid sliding block method and performance of the slope and structures on
it are evaluated based on the calculated displacement. Judgments about
permissible permanent displacement and acceptable performance of the
slope depend on the sensitivity and importance of structures and
equipment installed or designed and is made by the expert.

If soils are susceptible to liquefaction or otherwise expected to lose shear
strength during deformation, dynamic analysis based on effective stress
shall be performed to determine slope stability. The phenomenon of
liquefaction often occurs as a reduction in bearing capacity, total or
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5-

6-

differential settlement, lateral expansion and flow rupture. Evaluation of
this phenomenon is carried out in three stages, including the need to
investigate the potential and effects of liquefaction, and if necessary, its
destructive effects on structures and pipelines should be controlled with
improvement methods. Assessment of liquefaction potential is discussed
in Section 3.5.

In rock slopes, in addition to the above, it is necessary to determine the
joints system at the site to assess the possibility of sliding and rockfall.

In checking the instability of a slope that is under the load caused by a structure
such as facilities or pipes, all instability modes should be checked. These
modes include slope instability and instability caused by insufficient bearing
capacity of the foundation of the structure located on the slope. In the latter
case, according to the type of loading of the slope by the structure, the slope
and the structure are modeled in two-dimensional or three-dimensional form
according to the expert's judgment.

5.4.3. Mitigation of the hazard

Mitigation of landslide hazard shall be accomplished through modification
of the structure, foundation, soil conditions, or other by other approved

approaches.
In order to construct important structures or install important and sensitive

equipments on top or downstream of slopes and in case of insufficient
geotechnical information, it is necessary that the parameters such as
displacement of different points of the slope and changes in water pressure
be monitored.
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6.1. Introduction

In this chapter, the impact of the soil-structure interaction phenomenon in
determining the seismic demand of the target structure, which is generally
defined for systems with flexible foundations, is considered through three
main seismic analysis methods.

First, in Section 6.2.1, regulations and limitations are accompanied with the
equivalent static analysis method of the structure, using analysis of the
spring-dashpot model that replaces soil beneath the foundation, and
contributes to the reduction of the base shear. The base shear is mainly
influenced by the first mode of vibration. The requirements of this method,
are presented based on the equivalent damping and period of the soil-
structure system.

Second, in Section 6.2.2, the linear dynamic analysis including the modified
response spectrum or the site-specific spectrum corresponding to the soil-
structure system is presented. In the case of using the site-specific spectrum,
application of analytical relations to consider the radiation damping of the
foundation described in Section 6.3 is allowed.

Third, the nonlinear dynamic analysis method, which requires a time domain
soil-structure model, is considered in Section 6.2.3. Along with this method,
applying the effects of embedment and the incoherence wave field impinging
the foundation in the form of modification of the input excitation through the
modified site-specific spectrum (corresponding to the soil-structure system)
according to section 4.6 and also scaling the acceleration time histories are
allowed.

Also, the considerations and limitations of accounting for the effects of the
fluid-soil-structure phenomenon, which appears abundantly in fluid storage
tanks, are presented in Section 5.6.

6.1.1. Scope

Under the requirements of this section, it is allowed to apply the effects of
the soil-structure interaction phenomenon for estimation of seismic demands.
For the purpose of this Regulations, both upper bound (by applying a factor
of 2) and lower bound (by applying a factor of 0.5) estimates for the soil and
foundation stiffness shall be considered. The case that results in a smaller
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reduction or greater amplification in response parameters, shall be

considered as the design state.

In general, the instructions of this section can be accompanied with all three

analysis methods, including the equivalent lateral force method, the linear

dynamic method, and the nonlinear dynamic method under the following
considerations:

e Effect of the wave passage phenomenon following the embedment effect
for embedded foundations and the effects of incoherency of the wave field
shall not be taken into account when using the equivalent lateral force
method and the linear dynamic analysis method.

e The nonlinear dynamic method using time history analysis can be
associated with the effects of the soil-structure interaction phenomenon
according to Section 6.2.3 only for structures located on site classes
weaker than type II.

Modeling the effect of soil-structure interaction is required for building

) hoy . . )
structures if the value of (n) is less than 0.1. In this regard, v; is the average
S

shear wave velocity of site; T is the fundamental period of the structure
assuming a fixed base in and h is the effective height of the structure, which
is calculated as the height of the center of mass of the structure from the
foundation level. Height of the center of structure’s mass from the foundation
level can be considered equal to the height of the structure in one-story
structures, and for other structures, it can be considered as two-thirds of the
total height of the structure from the foundation level.

6.1.2. Definitions

The following definitions apply to the provisions of this Chapter.

Base slab averaging: A part of the kinematic interaction that changes the
foundation input motion due to incoherency of the wave field over the base
area.

Foundation input motion: The changed motion of the free field due to the
kinematic interaction, with the total response of the structure and foundation
is determined under its effect.
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Free-field motion: The excitation experienced by the site in an intact state,
that is, before any earthworks or the presence of the structure and foundation
mass, and even without applying the rigidity of the structure and foundation.

Inertial SSI: The dynamic interaction between the structure-foundation and
its surrounding soil, which is investigated under the effect of applying the
foundation input motion.

Kinematic SSI: The influence of foundation rigidity and geometry on the
free-field motion and transferring it into input motion to the foundation.

Radiation damping: The damping produced within the soil-structure system
due to the propagation of waves towards the half-space caused by the
different vibration of the foundation compared to the free-field motion.

Soil damping: The hysteretic (material) damping of the soil.
6.1.3. Symbols

The signs and abbreviations used in the relationships and sections of this
chapter are listed in alphabetical order in the following:

ag . Dimensionless frequency of the soil-structure system
B :  Half of the smaller dimension of the foundation plan.
Bgst :  Modification factor of the design earthquake response spectrum,

the response spectrum of maximum considered earthquakes or
a site-specific spectrum for damping ratio other than 5% (Eq.
6.2.3).

be The effective size of the foundation (Eq. 6.40).

Cs Coefficient of the seismic response assuming the flexibility of
the underlying medium at the foundation-soil interface (Section.
6.2.1).

Dg : Thickness of a soft (flexible) soil layer located on a stiff layer.

e :  Embedment depth.

Grq :  The effective shear modulus used in determining the radiation
damping approximated based on (G,,q) defined in Table 6.2.

Gord : Average shear modulus of soil used in determining the radiation

damping over a depth of B or 1y below the base of the

foundation at the small strains according to Eq. 6.1.
h* :  Effective height of the structure.
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Translational foundation stiffness.

Rotational foundation stiffness.

Half of the larger dimension of the foundation plan.

Effective modal mass of the structure in the fundamental mode
of vibration in the direction under consideration.

Response modification factor (Table 4.5).

Site-specific response spectral modification factor for base-slab
averaging (Eq. 6.37).

Site-specific response spectral modification factor for
foundation embedment (Eq. 6.37).

Radius of a circular foundation.

Response spectral acceleration including the effects of soil-
structure interaction phenomenon (Eq. 6.6).

Fundamental period of the structure without considering the
degrees of freedom for the soil-foundation interface (i.e., the
fixed base case) calculated using the relationships of chapter 4.
In this case, the empirical value of the structural period,T, as
well as the limit of the maximum value of Cy, T shall not be
applied.

Fundamental period of the structure with considering the
degrees of freedom for the soil-foundation interface (i.e., the
flexible base case) calculated in accordance with Section 6.1.1.
In this case, the empirical value of the structural period, T, as
well as the limit of the maximum value of Cy, T shall not be
applied.

Effective period lengthening that depends on the expected
ductility demand, p (Eq. 6.8).

Fundamental translational period of the SSI system (Egs. 6.19
and 6.29).

Fundamental rotational period of the SSI system (Egs. 6.20 and
6.30).

Base shear corresponding to the soil-structure system

Base shear corresponding to the fixed based structure.

Base shear corresponding to the soil-structure system
determined through modal response spectrum analysis

Average effective shear wave velocity used in determining the
radiation damping over a depth of B or 7 below the level of the
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Vso,rd

Vso,e

=

aXX b al'l' 5

Bo
Bt
Brd > Brdl

foundation base according to vg,,q and Table 6.1 or site-
specific studies.
Average low-strain shear wave velocity used in determining the
radiation damping over a depth of B or 77 below the level of the
foundation (Eq. 6.1)
n
VUsord = =1 Zl 6.1
n %i
=1 Usi
where:
d;: Thickness of each layer down to a depth of 30 m.
Vg;: Shear wave velocity (?)
and Y=, d; =30 m
Average effective shear wave velocity correspo