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NEHRP Handbook for the Seismic
Evaluation of Existing Buildings :::fub:ﬁ:‘:. f:'r g:z;;::rsni::
s tehdaed Seismic Evaluation
e e and Retrofit of
m mm Existing Buildings
/ <z : f—
FEMA 178 FEMA310 ASCE31-03 ASCEA41-17
e W) e O asce S ASCE =
L | e

| Vo N | N

I / I I I I I
1990 1995 2000 2005 2010 | 2015 2020

Seismic Evaluation

GAIDELINES FOR THE
and Retrofit of

NEWRE
SEISMIC RENARILITATION OF SURDINGS ST RO AR A0 WTARY £OK THE
TCTN: REMADEITATION OF SURDIMGS.

Existing Buildings

dllBlal adlnis
FEMAZ273 FEMA356 ASCE41-06 ASCE41-13

9=

i 93 s s it i 2,58 (]

NIST.GCR.17-917-46v1, NIST.GCR.17-917-46v2, NIST.GCR.17-917-46v3, NIST.GCR.17-917-45

NIST GCR 17-917-46v3 NIST GCR 17-917-45

NIST GCR 17-917-46v1 NIST GCR 17-917-46v2

Guidelines for Nonlinear Guidelines for Nonlinear|| = Guidelines for Nonlinear ;' e
Structural Analysis for Structural Analysis for|| ] Structural Analysis for||; -

Recommended
Modeling Parameters
and Acceptance

Design of Buildings — Design of Buildings Design of Buildings|[: Iy
FFF o> i == Criteria for Nonlinear
Part I — General | Part Ila — Steel . Part IIb — Reinforced o a Analysis in Support of
Moment Frames & % Concrete Moment Seismic Evaluation,
‘ ] | Frames Retrofit, and Design
Applied T

Appiied Technology Council

[YN NIST| | — DNST
~ \\@/w - uu@/tp St iy

April 2017 April 2017 April 2017
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ASCEA41-17

| | l

Is creating...
ASCE41-23

2015 2020

\ 4

2025

The ASCE/SEI 41 Committee is in the process of creating the
ASCE 41-23 version of the standard
"Seismic Evaluation and Retrofit of Existing Buildings."

Evolution of the development of ASCE/SEI 31

EVALUATING THE SEISMIC RESISTANCE

NEHRP Handbook for the Seismic
OF EXISTING BUILDINGS

Evaluation of Existing Buildings Handbook for the Seismic

Evaluation of Buildings -
A Prestandard

v 1y P s o e e D e

ATC 14 FEMA 178 FEMA 310

A S

ASCE 31-03

]
1985 1990 1995 2000
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Evolution of the development of ASCE/SEI 41

Guidelines Pre-Standard Standard Standard Standard

Seismic Evaluation
ﬂ“‘.i R.etroﬂt.of‘ Seismic Evaluation
Existing Buildings and Retrofit of

Existing Buildings

P —

FEMA273 FEMAS356 ASCE41-06 ASCE41-13 ASCE41-17
ol n L
| | | | | -
1995 2000 2005 2010 2015

o lasbiwl g 992 g0 slaglossln loj P (s3lute 9 (b5, 4z ,U-0 @

» 1886 Charleston, SC

+ Magnitude estimated 6.9-7.3
+ 60 Deaths and damaged 2,000 buildings
« ~$5.5M in damages (~$150M in 2017)

» 1925 Santa Barbara, CA

» Magnitude estimated 6.5-6.8
» 13 Deaths and Destroyed City Center
+ ~$8M in damages (~$111M in 2017)

14
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» 1933 Long Beach, CA

» Magnitude estimated 6.4
» 120 Deaths (mostly by falling debris)

« ~$40M in damages (~$750M in 2017)

» 1971 San Fernando, CA

« Magnitude estimated 6.5
+ 58 Deaths
« ~$500M in damages (~$3B in 2017)

et 5 e 5 s e -2 [
"/Jyﬂ‘fyu

p WNational Earthquake Hazards Reduction Program (NEHRP)

» NEHRP, first authorized by Congress in 1977, coordinates the earthquake-related activities of the Federal
Government.

» GOAL: Mitigate earthquake losses in the U.S. through basic and directed research and implement activities in the
fields of earthquake science and engineering

» The four NEHRP federal agencies:
@ FEMA »FEMA - Federal Emergency Management Agency
ler »NIST - National Institute of Standards and Technology (LEAD Agency)

1 + > NSF - National Science Foundation

-
%y,,s,,gﬁ »USGS —us Geological Survey

15
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\ \\\\
// . ,
[ Research \\\/ ’ Implementation
| \:fNIST, NSF, USGS FEMA, NIST, USGS
",\ ‘-\\
\ \ Development
\ - \\ FEMA, NIST,

NSF, USGS

Earthquake Risk-Reduction Partners
Natural and Built Environments

Earthquake

ATC 14 EVALUATING THE SEISMIC RESISTANCE OF EXISTING BUILDINGS

» Applied Technology Council (ATC) published_ one of the first e ATC 14
set of Guidelines for the “Seismic Evaluation of Existing -
Buildings”, ATC-14 (1987) B

= First Attempt creating Seismic Evaluation Tool pus

= Later modified and published as ATC-22 (1989)

NEHRP Handbook for the Seismic
Evaluation of Existing Buildings

> FEMA 178 NEHRP Handbook For The Seismic Evaluation FEMA 178
Of Existing Buildings (1992) i |

= Development of Checklists

16



» 1989 Loma Prieta, CA
« Magnitude estimated 6.9
» 63 Deaths and nearly 4,000 Injuries
» ~3$12B in damages (in 2017 money)

» 1994 Northridge, CA
» Magnitude estimated 6.7

» 57 Deaths and nearly 8,700 Injuries
* Upto ~$70B (in 2017 money)

HANDBOOKS AND REFERENCES

> In the 1990’s, FEMA sought to update FEMA 178 methodology
from recent events such as the 1989 Loma Prieta and the 1994
Northridge earthquakes (as well as from the development of
performance based design procedures)

» FEMA 273 and 274 NEHRP Guidelines and Commentary For
The Seismic Rehabilitation Of Buildings (1997)

» FEMA published a revised guideline, designated FEMA 310

(January 1998) entitled Handbook for the Seismic Evaluation
of Buildings — A Prestandard.

» FEMA 356 Prestandard and Commentary for the Seismic
Rehabilitation of Buildings (2000)

7/20/2021

Handbook for the Seismic
Evaluation of Buildings ~
mmmmmmm
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FEDERAL EMERGENCY MANAGEMENT AGENCY FEMA 356/November 2000

The title of this document, FEMA 356
PreStandard and Commentary for the PRESTANDARD AND COMMENTARY FOR THE
SeismiC Rehabllltatlon Of BUiIdingS, SEISMIC REHABILITATION OF BUILDINGS
incorporates a word that not all users

may be familiar with. That word— HEL L=
prestandard—has a special meaning
within the ASCE Standards Program in
that it signifies the document has been
accepted for use as the start of the
formal standard development
process, however, the document has yet
to be fully processed as a voluntary
consensus standard.

5-Development of Seismic Evaluation and Retrofit Procedures Iz\l

ASCE0 310

» ASCE 31-03 — Seismic Evaluation of Existing Buildings

= ASCE/SEI 31-03 is intended to replace FEEMA 310, Handbook for Seismic Evaluation | S eviaon
of Buildings — A Prestandard (1998). This Standard was written to: reflect advancements jn | =9 Suidnss
technology; incorporate the experience of design professionals; incorporate lessons learned
during recent earthquakes; be compatible with FEMA 356, Prestandard and Commentary ASCE31-03
for the Seismic Rehabilitation of Buildings (2000); be suitable for adoption in building
codes and contracts; be nationally applicable; and provide evaluation techniques. asce 28

» Life Safety and Immediate Occupancy Performance Levels.

> Includes evaluation procedures for geotechnical, foundation hazards, and nonstructural
components in the building.

» ASCE/SEI 31 defines a three-tiered process in which each successive tier involves more
detailed evaluation and increased engineering effort. The additional effort in each tier is
intended to achieve greater confidence in the identification and confirmation of seismic
deficiencies. The ASCE/SEI 31 evaluation procedure comprises three phases:

18
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= Tier 1 - Screening Phase

The basis of the methodology is a checklist procedure utilizing a series of checklists to identify building

characteristics that have exhibited poor performance in past earthquakes. Checklists include the basic and
supplemental structural checklists, the basic, intermediate, and supplemental nonstructural checklists, and
the geologic site hazard and foundation checklists. Selection of appropriate checklists depends on the
common building type designation, level of seismicity, and desired level of performance. The checklists
contain statements that are used to define the scope of the evaluation and identify potential deficiencies that
can be investigated in more detail.

= Tier 3 - Detailed Evaluation

If a building does not comply with one or more checklist statements in Tier 1, the condition can
investigated further to confirm or eliminate the deficiency. The Tier 2 Evaluation Phase is conducted using
linear static or linear dynamic force-based calculations on a deficiency-only or full-building basis.

= Tier 2 - Evaluation Phase

If deficiencies are not eliminated in the Tier 2 Evaluation Phase, they can be investigated further using
nonlinear static or nonlinear dynamic analyses. The Tier 3 Detailed Evaluation Phase is based on the
procedures and criteria contained in ASCE/SEI 41, although the use of reduced criteria (75% of the
specified demand) is permitted for this evaluation.

o lasbiwl g 992 g0 slaglossln loj P (s3lute 9 (b5, 4z ,U-0 @

5

Seismic Rehabilitation of Existing Buildings presents the
latest generation of performance-based seismic rehabilitation
methodology. This new national consensus standard was
developed from the FEMA 356, Prestandard and Commentary
for the Seismic Rehabilitation of Buildings. This Standard
represents  state-of-the-art knowledge in  earthquake
engineering and is a valuable tool for the structural
engineering profession to improve building performance in
future earthquakes. It includes significant improvements in
current understanding of building behavior in earthquakes,
such as: improved C-coefficients for calculation of the
pseudo-lateral force and target displacement based on
recommendations _in FEMA 440; comprehensive soil-
structure _interaction _provisions, _including _kinematic [Easazd ==
effects and foundation damping effects;
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revised acceptance criteria for steel moment frames to reflect final conclusions of the SAC
Joint Venture research: expanded acceptance criteria for concentrically braced frames
defined as a function of brace slenderness, compactness, and level of connection detailing; -
and updated nonstructural provisions to be consistent with current NEHRP Provisions for
new buildings.

ASCE/SEI Standard 41-06 is a valuable tool for structural engineers and the
public for improving seismic performance of existing buildings.

FEDERAL T AGENCY

PRESTANDARD AND COMMENTARY FOR THE
SEISMIC REHABILITATION OF BUILDINGS

FEMAS56

FEMAA440
_p P U
-I_ Improvement of

Nonlinear Static Seismic
Analysis Procedures

FEMA 440

June 2005

¥ FEMA nehrp

o lasbiwl g 992 g0 slaglossln loj P (s3lute 9 (b5, 4z ,U-0 @

Rehabilitatie NN
Seismic Evaluation and Retrofit sitation of Existing Bulldinge

describes deficiency-based and systematic procedures that use performance-based st smananso [:’:t:;‘
principles to evaluate and retrofit existing buildings to withstand the effects of earthquakes.
This next-generation standard combines the evaluation and retrofit process and puts forth a
three-tiered process for seismic evaluation according to a range of building performance Seismic Evaluation
levels—from collapse prevention to operational—that marry targeted structural and Retrofit of
performance with the performance of nonstructural elements. The deficiency-based Existing Buildings
procedures allow the evaluation and retrofit effort to focus on specific potential
deficiencies deemed, on the basis of past earthquake observations, to be of concern for a
permissible set of building types and heights. The systematic procedure, applicable to any
building, sets forth a methodology to evaluate the entire building in a rigorous manner.
Analysis procedures and acceptance criteria are established and requirements put forth for
foundations and geologic site hazards; components made of steel, concrete, masonry,
wood, and cold-formed steel; architectural mechanical and electrical components and
systems; and seismic isolation and energy dissipation systems. In addition, screening
checklists are provided for a variety of building types and seismicity levels in support of

the Tier 1 process. ASCE

ASCE 41-13: Seismic Evaluation and Retrofit-Rehab#litation of Existing Buildings

20
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The committee chose to combine the standards into one document and coordinate the evaluation
and retrofit procedures. This standard updates and replaces the previous Standard ASCE/SEI 41-
06, Seismic Rehabilitation of Existing Buildings, as well as Standard ASCE/SEI 31-03, Seismic

Evaluation of Existing Buildings.

ASCE31-03 ASCE41-06
Aasce .A_‘ ASCE e

A e S

update to ASCE/SEI 41
Concrete Provisions

» Three-tiered process for seismic evaluation >
= Tier 1 Screening

Seismic Evaluation Seismic Retrofit

= Tier 2 Deficiency-Based Evaluation and Retrofit

= Tier 3 Systematic Evaluation and Retrofit >

Seismic Evaluation
and Retrofit of
Existing Buildings

ASCE41-13

First time Evaluation and
Rehabilitation codes of Existing
Buildings were combined.

Utilizes ASCE 7-10.

0 ,loilinsl 3 392 90 Uy losis Lo (5103 (6 3bante 3 o2l 3,1 A5k =0 |g|

ASCE41-17: Seismic Evaluation_and Retrofit of Existing Bulld’f 105y

b

Standard ASCE/SEI 41-17, describes deficiency-based and systematic
procedures that use performance-based principles to evaluate and retrofit
existing buildings to withstand the effects of earthquakes. The standard
presents a three-tiered process for seismic evaluation according to a range
of building performance levels by connecting targeted structural
performance and the performance of nonstructural components with
seismic hazard levels. The deficiency-based procedures allow evaluation
and retrofit efforts to focus on specific potential deficiencies deemed to be
of concern for a specified set of building types and heights. The
systematic procedure, applicable to any building, sets forth a methodology
to evaluate the entire building in a rigorous manner. This standard
establishes analysis procedures and acceptance criteria, and specifies
requirements for foundations and geologic site hazards; components made
of steel, concrete, masonry, wood, and cold-formed steel; architectural,
mechanical, and electrical components and systems; and seismic isolation
and energy dissipation systems.

Seismic Evaluation
and Retrofit of
Existing Buildings

21
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Checkilists are provided for a variety of building types and seismicity levels in support of the Tier 1 screening process.
This new edition, which updates and replaces previous editions of ASCE 41, introduces revisions to the basic
performance objectives for existing buildings and to the evaluation of force-controlled actions. It revises the nonlinear
dynamic procedure and changes provisions for steel and concrete columns, as well provisions as for unreinforced
masonry. Standard ASCE/SEI 41-17 is a primary reference for structural engineers addressing the seismic resilience
of existing buildings and for building code officials reviewing such work; it also will be of interest to architects,
construction managers, academic researchers, and building owners.

» Updated from ASCE 41-13

> Significant changes were included for the Basic Performance Objectives, seismic hazard used
in Tier 1 and Tier 2, treatment of force-controlled components, nonlinear analysis provisions,
nonstructural performance levels, demands on out-of-plane wall forces, modeling parameters
and acceptance criteria of steel and concrete columns, and anchor testing.

» Utilizes ASCE 7-16

i 93 s s it i 2,58 (]
%

An AC| Standard

Standard Requirements
for Seismic Evaluation
and Retrofit of Existing
Concrete Buildings
(ACI 369.1M-17) and
Commentary

Reported by ACI Committee 369

GCT‘ American Concrete Institute
» Always odvancing

g

ACI| 369.1M-1/

Lois

PREFACE

This standard provides retrofit and rehabilitation criteria for reinforced
concrete buildings based on results from the most recent research on
the seismic performance of existing concrete buildings. The intent of
this standard is to provide a continuously updated resource document
Jfor modifications to Chapter 18 of ASCE 41-17, similar to how the
National Earthquake Hazards Reduction Program (NEHRP) Recom-
mended Seismic Provisions produced by the Federal Emergency
Management Agency (FEMA) (FEMA 450) have served as source
documents for the International Building Code (IBC) and its prede-
cessor building codes. Specifically, this version of ACI 369.1M serves
as the basis for Chapter 10, “Concrete,” of ASCE 41-17.

ACI 369.1M-17 was adopted September 22, 2017, and published February 2018.
Copyright @ 2018, American Concrete Institute.

All rights reserved including rights of reproduction and use in any form or by any
means, including the making of copies by any photo process, or by electronic or
mechanical device, printed, written, or oral, or recording for sound or visual reproduc-
tion or for use in any knowledge or retrieval system or device, unless permission in

(aci®

writing is obtained from the copyright proprietors.

o
=

22



7/20/2021

o, laibiwl g 39290 laplosslu sloj ) g5bate 9 (b5l 4z )60 @
—

ACI 369R-11

Guide for Seismic Rehabilitation of
Existing Concrete Frame Buildings
and Commentary

Reported by ACI Committee 369

@ American Concrete Institute®

J,,','n‘zu:;pf...“v' o

This guide, which was developed based on the format and content of
ASCE/SEI 41-06, Chapter 6.0, “Concrete,” describes methods for esti-
mating the seismic performance of both existing and new concrete compo-
nents in an existing building. The guide is intended to be used with the
analysis procedures and Rehabilitation Objectives established in
ASCE/SEI 41-06 for the Systematic Rehabilitation Method. The guide
provides recommendations for modeling parameters and acceptance
criteria for linear and nonlinear analysis of beams, columns, joints, and
slab-column connections of concrete buildings and the procedures for
obtaining material properties necessary for seismic rehabilitation design.

ACI 369R-11 was adopted and published February 2011.

Copyright © 2011, American Concrete Institute.

All rights reserved including rights of reproduction and use in any form or by any
means, including the making of copies by any photo process, or by electronic or
mechanical device, printed, written, or oral, or recording for sound or visual reproduc-
tion or for use in any knowledge or retrieval system or device, unless permission in
writing is obtained from the copyright proprietors.
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ABC 426X

Seismic Provisions for

Evaluation and Retrofit of

Existing Structural Steel Buildings

PUBLIC REVIEW DRAFT dated April 20, 20240

(Mot yet) Approved by the

AISC Committee on Specifications

CAN INSTITUTE OF STEEL CONSTRUCTION
nilph Sareet, Suite 2000, Chicago, ismais S0601

Deail daicad Aprsl 29, 3000
B

20 PREFACE

21 (This Preface is not part of ANSVAISC 342-22, Seismic Provisions for Evaluation and Retrofit of Existing
22 Structural Steel Buildings, it is included for informational purposes only.)

23 These Provisions are based upon past successful usage and advances in the state of knowledge relative to the retrofit
24 of structures subjected to seismic loads. Where required by ASCE/SEI 41, these Provisions are intended to be used
25 in conjunction with the Seismic Provisions for Structural Steel Buildings, ANSVAISC 341.

26 The Provisions are ANSI-approved and have been developed as a consensus document using ANSI-accredited
27  procedures to provide a uniform practice for the seismic retrofit of steel-framed buildings. and also those buildings
28 that may include composite, cast iron. and wrought iron elements. The intention is to provide design criteria to be
29  used in conjunction with ASCE/SEI 41. It is intended that ASCE/SEI 41 adopt these Provisions to replace Chapter 9
30  ofthat standard. The intention is also to provide design criteria for routine use and not to provide specific criteria for
31 infrequentl d probl which occur in the full range of structural desigat.
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Table C7-1. E F of Possible Defor: -Controlled
and Force-Controlled Actions

Deformation- Force-Controlled
Component Controlled Action Action
Moment Frames
* Beams Shear (V)
* Columns —_ Axial load (P), V
* Joints — va
Shear walls M,V P
Braced Frames
* Braces P: —
* Beams — P
* Columns —_ P
* Shear link v P, M
Connections P, V, M® PV,M
Diaphragms M, v¢ P V.M

2 Shear may be a deformation-controlled action in steel mo-
ment frame construction.

® Axial, shear, and moment may be deformation-controlled
actions for certain steel and wood connections.

€ If the diaphragm carries lateral loads from vertical-force-
resisting elements above the diaphragm level, then M and
V shall be considered force-controlled actions.
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Table C7-1. Examples of Possible Deformation-Controlled
and Force-Controlled Actions

Deformation-
Controlled Action

Force-Controlled

Component Action

Moment Frames

* Beams Moment (M) -Shear (1%]
* Columns — Axial oa! !l v
* Joints — va
Shear walls M,V P
Braced Frames

* Braces P: —

* Beams — P

* Columns —_ P

* Shear link v P M
Connections P, V, M® PV,M
Diaphragms M, v¢ P V.M

2 Shear may be a deformation-controlled action in steel mo-
ment frame construction.
xial, shear, and moment may be deformation-controlle

actions for certain steel and wood connections.

€ If the diaphragm carries lateral loads from vertical-force-
resisting elements above the diaphragm level, then M and
V shall be considered force-controlled actions.
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Table C7-1. Examples of Possible Deformation-Controlled
and Force-Controlled Actions

Deformation- Force-Controlled

Component Controlled Action Action
Moment Frames

* Beams Moment (M) Shear (V)
* Columns — Axial load (P), V
* Joints va
Shear walls P
Braced Frames

* Braces P: —

* Beams — P

* Columns —_ P

* Shear link 4 P M
Connections P, V, M® PV,M
Diaphragms M, v¢ P V.M

2 Shear may be a deformation-controlled action in steel mo-
ment frame construction.

® Axial, shear, and moment may be deformation-controlled
actions for certain steel and wood connections.

€ If the diaphragm carries lateral loads from vertical-force-
resisting elements above the diaphragm level, then M and
V shall be considered force-controlled actions.
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Table C7-1. Examples of Possible Defor -Controlled AU 9 J 7S5 8 Sl Y ) iyl 2() ) Jgen
and Force-Controlled Actions ] L
SS9y J R S et £
Deformation-  Force-Controlled sl LBy
? o e sla
Component Controlled Action Action
(V) "oy M) s 51 b 5
Moment Frames
V) P ; —_ [
* Beams Moment (M) Shear (V) V) 2 () o s o
* Columns — Axial load (P), V (V) "5y —_ ]
* Joints va
Shear walls P (P) sppme i V) ip s (M) a3 54 o sl Y
Braced Frames 1 s dile oela T
* Braces P —
* Beams - P - (P) o s955 i lge
* Columns —_ P - N
* Shear link v PM (B) e o - b
Connections P, V, M® P, V.M (B) wsyome s . s i
Diaphragms M, v°© PV,M el
a Shear may be a deformation-controlled action in steel mo- (P) ipme 5305 3 (V) G 5 (M) ot 58 T(P) e sty (V) o 5 (M) s 53 M St
ment frame construction. .
® Axial, shear, and moment may be deformation-controlled (P) age a3 (V) iz 5 (M) (gt 50 (V) Gp s (M) s 50 s (51,30
actions for certain steel and wood connections.

€ If the diaphragm carries lateral loads from vertical-force-
resisting elements above the diaphragm level, then M and
V shall be considered force-controlled actions.
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Note

Based on elastic frame analysis:

Moment in beam =0

)
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Compute moment in beam resulting from application of
concentrated load at midspan of (R, F,A, +0.3FP,)sin 0
and add moment due to gravity load

—

)

.

(R, F,A, -03P,)sin®
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Table C7-1. Examples of Possible Defor -Controlled AU 9 J 7S5 8 Sl Y ) iyl 2() ) Jgen
and Force-Controlled Actions
JyS g ‘ J 55 By ‘ 5
Deformation-  Force-Controlled ek sla i
Component Controlled Action Action i
(V) "oy M) e 51 b 5
Moment Frames . . 5
* Beams Moment (M) Shear (V) V) iz 2 (F) o s — - o
* Columns — Axial load (P). V V) "Gy f— |
l- Joints — Ve ]
Shear walls M,V P (P) 90 59 V) g s (M) (s 50 e et
Braced Frames ol (s igslie (sla ST
* Braces P: — -
* Beams - P - (P) o s955 i lge
* Columns —_ P
* Shear link v P,M (P) (e 99 — s s
Connections P, V, M® P, V.M ® . _ oo
Diaphragms M, ve PV,.M e e hd
@ Shear may be a deformation-controlled action in steel mo- (F) oo 983 (V) i 5 (M) ot 54 () igma iy (V) i 5 (M) (sad 58 efladl Sz
ment frame construction.
xial, shear, and moment may be deformation-controlle (P) age a3 (V) iz 5 (M) (gt 50 V) s (M) 2es 80 s (51,30

actions for certain steel and wood connections.

€ If the diaphragm carries lateral loads from vertical-force-
resisting elements above the diaphragm level, then M and
V shall be considered force-controlled actions.
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Table 9-7.2. Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Structural Steel Components Other Than Beams and Columns—Flexural andi
Shear Actions

Modeling Parameters Acceptance Criteria
Residual
Plastic Rotation Angle, Radians Strength Ratio Plastic Rotation Angle, Radians
Component or Action a b c (o] LS CcP
Column Panel Zones—Shear
For |PI/P,. < 0.4 12y, 12y, 1.0 1y, 12y, 12y,
For |P/Pye> 0.4 20 (1 = IPUP, 1, 20 (1 = IPUP, 1y 5/3 (1 = IPUP,) 513 (1 = IPUP,eJv, 20 (1 = IPUP,a}ty 20 (1 = IPUP,Jyy
|P|
5. for =1 <04 0.55F,.d.1,
y . — — ye
5 Panel Zones: Vep=V,, = P 1P|
for — > 0.4  0.55F,.d.t,( 14—
a P
e ve
1.0
. ¢ 9-8)
D £]f  d. = Column depth; and
A . t, = Total thickness of panel zone, including any doubler plates.
OorA P

. 5K~

, F, P\ 2
.- Panel Zones: 0, =y, = ——, [1- 1Pl
:ngm,,,, : G\V3 Py,

Plastic Hinges In Column Panel Zones
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Option 2 (without slip springs)

[ | Use effective
stiffness
determined
from column

|:> / tests.

6)%6‘)"3(’_)-‘96‘5"4))‘%)‘.0 @
Stiffness Properties for Linear and Nonlinear Analysis™ ="

ACI 318-19

Table 6.6.3.1.1(a)—Moments of inertia and cross- Table 6.6.3.1.1(b)—Alternative moments of inertia

sectional areas permitted for at  for|elastic analysis at factored load

factored load level
Cr - Alternative value of I for elastic analysis
ross- Cross-
sectional sectional area Member | Minimum I Maximum
Member and Moment of | area for axial for shear
condition inertia deformations | deformations
umn _A M _P

Columns 0.70I; Columas 0.35L || 1-—=-05=|I | 0875

and walls 4 Ph BE)" ;

Uncracked 0.701, i
Walls
Cracked 0351, 1.04, b.h Beams. flat
s, i b i
Beams 035L; plates, and | 0.25I (0.10+ bp)(li -02 ?'] I, 0.5,
Flat plates and flat slabs |~ 0251, flat slabs

Notes: For continuous flexural members, J shall be permitted to be taken as the average
of values obtained for the critical positive and negative moment sections. P, and M,
shall be calculated from the load combination under consideration, or the combination
of P, and M, that produces the least value of I.
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10.3 GENERAL ASSUMPTIONS AND
REQUIREMENTS

10.3.1 Modeling and Design

10.3.1.2 Stiffness. Component stiffnesses shall be calculated

considering shear, flexure, axial behavior, and reinforcement slip

deformations. Stress state of the component, cracking extent caused

by volumetric changes from temperature and shrinkage, and

deformation levels under gravity loads and seismic forces shall

be considered. Gravity-load effects considered for effective stiff-

nesses of components shall be determined using Eq. (7-3).

10.3.1.2.1 Linear Procedures. Where design actions are deter-
mined using the linear procedures of Chapter 7, component
effective stiffnesses shall correspond to the secant value to the
yield point of the component. Alternate stiffnesses shall be
permitted where it is demonstrated by analysis to be appropriate

for the design loading. Alternatively, effective stiffness values in
Table 10-5 shall be permitted.

‘Tﬂlh 10-5. Effective Stiffness Values

Component Flexural Rigidity Shear Rigidity Axial Rigidity

Beams—nonprestressed” 0.3E¢l; 0.4EccAy -

Beams—prestrassed” Ecely 04E A, —

Columns with compression 0.7E.ely 04EcA, EceAg
caused by design gravity
loads = 0.5A4,f, "

Columns with compression 0.3E:¢ly 04EAs EceAg (compression)
caused by design gravity E.cA, (tension)
loads = 0.14,f.¢ or with
tension”

Beam-—column joints Refer to Section 10.4.2.2.1 [N

Flat slabs—nonprestressed Refer to Section 10.4.4.2 04E A, —

Flat slabs—prestressed Refer to Section 10.4.4.2 0Q4E.Ay -

Walls—cracked” 0.35E.cA, 0.4EccA, ExcAg (comprassion)

E,=A, (tension)

@ For T-beams, I, can be taken as twice the value of I, of the web alone. Otherwise, /, should be based on the effective width as
drmu in Section 10.3.1.3

¢ ith i the limits provided, flexural rigidity shall be determined by linear interpolation.

ive effective stiffnesses shall be used. Animposed axial load Ny s permitted

i is not performed, th
o be used for stifiness evaluations.
¢ See Section 10.7.2.2.
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10.3 GENERAL ASSUMPTIONS AND
REQUIREMENTS

10.3.1 Modeling and Design

10.3.1.2.2 Nonlinear Procedures. Where design actions are deter-
mined using the nonlinear procedures of Chapter 7, component
load—deformation response shall be represented by nonlinear load—
deformation relations. Linear relations shall be permitted where
nonlinear response does not occur in the component. The nonlinear
load—deformation relation shall be based on experimental evidence
or taken from quantities specified in Sections 10.4 through 10.12.
For the nonlinear static procedure (NSP), the generalized load-
deformation relation shown inr other curves defining
behavior under monotonically increasing deformation shall be
permitted. For the nonlinear dynamic procedure (NDP), load-
deformation relations shall define behavior under monotonically
increasing lateral deformation and under multiple reversed defor-
mation cycles as specified in Section 10.3.2.1.

"'f[u L
e .«J"H Wil

f———>
b——a
o

(¢} Trilinear response-deformation ratio

-
¢

s
a,P
o
o

{a) Detormation

”
b} Deformation ratio

Generalized Force-Deformation Relation for
oncrete Elel

ments or Components
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10.3 GENERAL ASSUMPTIONS AND
REQUIREMENTS

10.3.1 Modeling and Design
10.3.1.2.2 Nonlinear Procedures

oo

10.3.1.2.2 Nonlinear Procedures

The generalized load—deformation relation shown in Fig. 10-1
shall be described by linear response from A (unloaded compo-
nent) to an effective yield B, then a linear response at reduced
stiffness from point B to C, then sudden reduction in seismic
force resistance to point D, then response at reduced resistance to

E, and final loss of resistance thereafter. The slope from point
A to B shall be determined according to Section 10.3.1.2.1. The

Gor A
{a) Deformation

(c) Trilnear respanse-deformation ratia

”
(b) Dalormation ratio

. Generalized Force-Deformation Relation for
Concrete EIements or Components

Gl szl g b 2l caNeo

slope from point B to C, ignoring effects of gravity loads acting
through lateral displacements, shall be taken as between zero and
10% of the initial slope, unless an alternate slope is justified by
experiment or analysis. Point C shall have an ordinate equal to
the strength of the component and an abscissa equal to the
deformation at which significant strength degradation begins.
Representation of the load—deformation relation by points A, B,
and C only (rather than all points A—E) shall be permitted if the
calculated response does not exceed point C. Numerical values
for the points identified in Fig. 10-1 shall be as specified in
Sections 10.4.2.2.2 for beams, columns, and joints; 10.4.3.2.2 for
post-tensioned beams; 10.4.4.2.2 for slab—column connections;
and 10.7.2.2 for structural walls, wall segments, and coupling
beams. Other load—deformation relations shall be permitted if
justified by experimental evidence or analysis.

Ppé 9 (BB sl ) Ty kel (jbw

10.3 GENERAL ASSUMPTIONS AND
REQUIREMENTS

10.3.1 Modeling and Design
10.3.1.2.2 Nonlinear Procedures

10.3.1.2.1 Linear Procedures

Table 10-5. Effective Stiffness Values |

Component Flexural Rigidity Shear Rigidity Axial Rigidity

Beams—nonprestrassad” 0.3E:gly 0.AE A, -

Beams—prestressed® Ecely 0.A4E A, —

Columns with compression 0.7E.el, 0.4E A, Echy
caused by design gravity
loads > 0.5A,f_ "

‘Columns with compression 0.3Ecely 0AE A, E.eAg (compression)
caused by design gravity E.zA, (tension)
loads < 0.1A,f, or with
tension”

Beam—column joints Refer to Section 10.4.22.1 EceAy

Flat slabs—nonprestressed Refer to Section 10.4.4.2 0.4E.cA, =

Flat slabs—prestressed Refer to Section 10.4.4.2 0.4E.:A, —

Walls—cracked® 0.35E.cA, 04E.cA, E.cA, (compression)

EqcA; (tension)

“ For T-beams, I can be taken as twice the value of |; of the web alone. Otherwise, /; should be based on the effective width as
defined in Secnon 195 3.

N For columns with the li flexural rigidity be linear i i
the more effective stif be used. axial load Nugis permitied
10 be used for smlnsss evaluations.
¢ See Section 10.7.

10.3.1.2.2 Nonlinear Procedures

The generalized load—deformation relation shown in Fig. 10-1
shall be described by linear response from A (unloaded compo-
nent) to an effective yield B, then a linear response at reduced
stiffness from point B to C, then sudden reduction in seismic
force resistance to point D, then response at reduced resistance to

E, and final loss of resistance thereafter. The slope from point
A to B shall be determined according to Section 10.3.1.2.1. The

slope from point B to C, ignoring effects of gravity loads acting
through lateral displacements, shall be taken as between zero and
10% of the initial slope, unless an alternate slope is justified by
experiment or analysis. Point C shall have an ordinate equal to

Jsli Wg,) ASCE4L1T 5 V=F—l-F—lo 4 Qulwly
V=Pl iy @ ol Ol qunlan ((hbpué
sburs, U Gilbs ginp o5ly ¢l (oh" J )
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Table 10-5. Effective Stiffness Values

Component Flexural Rigidity Shear Rigidity Axial Rigidity
Beams—nonprestressed® 0.3E.ely 0.4E A, —
Beams—prestressed? Ecely 0.4E A, —
Columns with compression 0.7Ecely 0.4E.£A. E.eAqg

caused by design gravity
loads > 0.5A,f",.°
Columns with compression 0.3Ecelg 0.4E A,
caused by design gravity
loads < 0.1A,f ¢ or with
tension®

E.cAg (compression)
E.£A; (tension)

Beam-—column joints

Refer to Section 10.4.2.2.1

EoeAg

Flat slabs—nonpresiressed Refer to Section 10.4.4.2 0.4E. A,
Flat slabs—prestressed Refer to Section 10.4.4.2 0.4E.2A4 —
Walls—cracked® 0.35E.£A, 0.4E.£Aw E.eA4 (compression)

E.£A; (tension)

@ For T-beams, I, can be taken as twice the value of /, of the web alone. Otherwise, /, should be based on the effective width as

defined in Section 10.3.1.3.

b For columns with axial compression falling between the limits provided, flexural rigidity shall be determined by linear interpolation.
If interpolation is not performed, the more conservative effective stiffnesses shall be used. Animposed axial load Nyg is permitted
to be used for stiffness evaluations.

¢ See Section 10.7.2.2.
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ACI 318-19

Table 6.6.3.1.1(a)—Moments of inertia and cross-

sectional areas permitted for elastic analysis at

factored load level

Table 6.6.3.1.1(b)—Alternative moments of inertia
for\elastic analysid at factored load

Cr - Alternative value of I for elastic analysis
ross- Cross-
sectional sectional area Member | Minimum I Maximum
Member and Moment of | area for axial for shear
condition inertia deformations | deformations
umns A M _P
Columns 0.70I; Columas 0.35L - = |l 1-=2-05= ] 0.875I;
and walls 4 Ph BE)"
Uncracked 0.701, i
Walls
Cracked 0351, 1.04, b.h Beams. flat
s, i b i
Beams 035L; plates, and | 0.25I (0.10+ 2>p)(1_2 - 0.2;'] I, 0.5,

Flat plates and flat slabs |~ 0251, flat slabs

Notes: For continuous flexural members, J shall be permitted to be taken as the average
of values obtained for the critical positive and negative moment sections. P, and M,
shall be calculated from the load combination under consideration, or the combination
of P, and M, that produces the least value of I.
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Table 10-5. Effective Stiffness Values

7/20/2021

Component Flexural Rigidity Shear Rigidity Axial Rigidity
Beams—nonprestressed® 03Ed, 04EA, —
Beams—prestressed® Ed, 04EA, —

Col with comy ion caused by design 0.7Ed, 04EA, EA,

gravity loads = (.54, f

Col with comg ion caused by design 03Ed, 04EA, EA, (compression)
gravity loads < (), 14, f! or with tension E A, (tension)
Beam—column joints Refer to Section 10.4.2.2.1 EA,

Flat slabs—nonprestressed Refer to Section 10.4.4.2 04EA, —

Flat slabs—prestressed Refer to Section 10.4.4.2 04EA, —

Walls-cracked® 0.5EA, 04EA, EA, (compression)

EA, (tension)

For T-beams, IF can be taken as twice the value of I, of the web alone. Otherwise, I, should be based on the effective width as defined in Section 10.3.1.3.
For columns with axial compression falling between the limits provided, flexural rigidity should be determined by linear interpolation. If interpolation is
not performed, the more conservative effective stiffnesses should be used.

"See Section 10.7.2.2.

ASCEA41-13

10.3.1.2 Stiffness Component stiffnesses shall be calculated
considering shear, flexure, axial behavior, and reinforcement slip
deformations. Stress state of the component, cracking extent
caused by volumetric changes from temperature and shrinkage,
and deformation levels under gravity loads and seismic forces
shall be considered.

C10.3.1.2 Stiffness For columns with low axial loads (below
approximately 0.14,f), deformations caused by bar slip can
account for as much as 50% of the total deformations at yield.
The design professional is referred to Elwood and Eberhard
(2009) for further guidance regarding calculation of the effective
stiffness of reinforced concrete columns that include the effects
of flexure, shear, and bar slip.

ACI STRUCTURAL JOURNAL TECHNICAL PAPER

Title no. 106-S45

Effective Stiffness of Reinforced Concrete Columns
by Kenneth J. Elwood and Marc O. Eberhard
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Table 10-5. Effective Stiffness Values

7/20/2021

Component Flexural Rigidity Shear Rigidity Axial Rigidity
Beams—nonprestressed? 0.3E:ely 0.4E.£Ay —
Beams—prestressed” Ecely 0.4E.£A, —
Columns with compression 0.7E£ly 04E. Ay E.eAg
caused by design gravity
loads > 0.5A,f, =
Columns with compression 0.3E:£ly 04EAw E.eAy (compression)
caused by design gravity E<eAs (tension)
loads < 0.1Ayf, - or with
tension®
Beam-—column joints Refer to Section 10.4.2.2.1 E.cAg
Flat slabs—nonprestressed Refer to Section 10.4.4.2 0.4E A, —
Flat slabs—prestressed Refer to Section 10.4.4.2 0.4E A, —
Walls—cracked® 0.35E.£A, 04E A, E A, (compression)
E<eAs (tension)

2 For T-beams, I, can be taken as twice the value of /, of the web alone. Otherwise, /, should be based on the effective width as

defined in Section 10.3.1.3.

b For columns with axial compression falling between the limits provided, flexural rigidity shall be determined by linear interpolation.
If interpolation is not performed, the more conservative effective stiffnesses shall be used. An imposed axial load Nygis permitted
to be used for stiffness evaluations.

¢ See Section 10.7.2.2.

Nyc = Member design axial force evaluated based on

Eq. (7-3) of ASCE 41; set to zero for tension force
in Eq. (10-3)

Oc=0p+ 0L+ Os (7-3)

Op = Action caused by dead loads;

O = Action caused by live load, equal to 25% of the unreduced
live load obtained in accordance with ASCE 7 but not less
than the actual live load; and

Qs = Action caused by effective snow load.

ASCEA41-17

10.3.1.2 Stiffness. Component stiffnesses shall be calculated
considering shear, 'flexure,laxial behavior, and feinforcement slip
deformations. Stress state of the component, cracking extent caused
by volumetric changes from temperature and shrinkage, and
deformation levels under gravity loads and seismic forces shall
be considered. (Gravity-load effects considered for effective stiff-
nesses of components shall be determined using Eq. (7-3).

Oc=0p+ 0 + Os (7-3)

Qp = Acnon caused by dead loads;

Q;. = Action caused by live load, equal to 25% of the unreduced
live load obtained in accordance with ASCE 7 but not less
than the actual live load; and

Q5 = Action caused by effective snow load.

C10.3.1.2 Stiffness. For columns with low axial loads (below
approximately 0.1A,f/), deformations caused by bar slip can
account for as much as 50% of the total deformations at yield.
Further guidance regarding calculation of the effective stiffness
of reinforced concrete columns that include the effects of flexure,
shear, and bar slip can be found in Elwood and Eberhard (2009).

Flexure-controlled wall stiffness can vary from approximately
0.15E gl to 0.5E gl,, depending on wall reinforcement and axial
load. A method for calculating wall stiffness that provides
compatibility with fiber section analysis is offered in C10.7.2.2.
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Table 10-5. Effective Stiffness Values

Component Flexural Rigidity Shear Rigidity Axial Rigidity

Columns with compression 0.7Ecely 0.4E A, EccAqg
caused by design gravity
loads > 0.5A,f, "

Columns with compression 0.3E.£ly 0.4E.£A,, E.gAg (compression)
caused by design gravity E.£A; (tension)
loads < 0.1A,f, - or with
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Compression caused by design gravity loads
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-0.08 -0.04 0 0.04 0.08 -0.08 -0.04 0 0.04 0.08

Drift Ratio Drift Ratio

Elwood and Moehle, 2003

W

Test D (mm) Length Axial fc'( Aﬂ) 0)

Specimen (mm) Load(kN)
415 609.6 2438.4 653.86 31
815 609.6 4876.8 653.86 31
1015 609.6 6096 653.86 31

Longitudinal Steel

- 609.6mm——— plmm) | xo.ormars | f,/(MPa) | f,(MPa) | p,(%)
' 15.9 22 462 630 1.49

P — O 072 Ag f 159 22 462 630 1.49

) o 15.9 2 462 630 1.49

Transverse Steel

Cover to Center
#(mm) | s (mm) ofHotop (umtl) fﬂ (MPa) p,(%)

6.4 31.8 22.2 606.8 0.732
6.4 31.8 22.2 606.8 0.732
6.4 31.8 22.2 606.8 0.732
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Hpysteretic Behaviour of RC Column

Ozcebe and Saatcioglu, 1987
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Table 10-5. Effective Stiffness Values

(31)
ASCE41-17

Table 10-5. Effective Stiffness Values

Component Flexural Rigidity ‘Shear Rigidity Axtal Rigidity c Flexural Rigidity Shear Rigidity Axial Rigidity
Beams—nonpresiressed” 03EL, 04EA, —
kéa;mkpm;msed T uEi.E ; 3:2: o Beams—nonprestressed” 0.3E.ely 0.4E A, —
‘olumns with compression caused by design TET, : . @ _
gravity loads > 0.54, f7 Beams—prfemstressed . ECEElyl U.A?EAW E
Columns with compression caused by design 03EL, 04EA, [EA, (compression) Columns with compression 0.7Ecely 0.4EccAw ceAg
‘eravity loads 0,14, £ or with tension EA! (tension) caused by design gravity
Beam—column joints Refer to Section 10.4.2.2.1 EA, loads > 0.5A,f’55"
Flat slabs—nonprestressed Refer to Section 104.4.2 04EA, Columns with compression 0.3Eely 0.4E.A, E.£A, (compression)
Flat slabs—prestressed Refer to Section 104.4.2 04EA, caused by design gravity E.¢A. (tension)
‘Walls-cracked® 05EA, 04EA, EA, (compresion) loads < 0.14,f, or with
E < 0147,
A tension®
For Tibeams, I cn be taken s twic the value o [, of the web lone, Otherwise, T, should be based o the ffective width as deined in Section 10313 o i
For columns with axial compression falling between the limits provided, flexural rigidity should be determined by linear Eleam‘«‘:‘clumn joints ;e:e' to gem!m 104221 Eoa EeeAy
not performed, the more conservative effective stiffnesses should be used. lat efer to Section 10.4.4.2 0.4E£Ay —
*See Section 10.7.2.2. Flat slabs—prestressed Refer to Section 10.4.4.2 0.4E£Ag —
Walls—cracked® 0.35E,6A, 0.4E.cA, EceA, (compression)

10.3.1.2 Stiffness Component_stiffnesses_shall _be_calculated
considering shear, flexure, axial behavior, and reinforcement slip
deformations. Stress state of the component, cracking extent
caused by volumetric changes from temperature and shrinkage,
and deformation levels under gravity loads and seismic forces
shall be considered.

C10.3.1.2 Stiffness For columns with low axial loads (below
approximately 0.14, /), deformations caused by bar slip can
account for as much as 50% of the total deformations at yield. I
The design professional is referred to Elwood and Eberhard
(2009) for further guidance regarding calculation of the effectjve
stiffness of reinforced concrete columns that include the efffcts
of flexure, shear, and bar slip.

ACISTRU

Title no. 106-S45
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Effective Stiffness of Reinforced Concrete Columns
by Kenneth J. Elwood and Marc O. Eberhard

E;eAs (tension)

2 For T-beams, /, can be taken as twice the value of I of the web alone. Otherwise, I, should be based on the effective width as
defined in Section 10.3.1.3.

b For columns with axial compression falling between the limits provided, flexural rigidity shall be determined by linear interpolation.
Ifinterpolation is not performed, the more conservative effective stiffnesses shall be used. An imposed axial load Nygis permitted
to be used for stiffness evaluations.

¢ See Section 10.7.2.2.

10.3.1.2 Stiffness. Component stiffnesses shall be calculated
considering shear, flexure, axial behavior, and reinforcement slip
deformations. Stress state of the component, cracking extent caused
by volumetric changes from temperature and shrinkage, and
deformation levels under gravity loads and seismic forces shall
be considered. Gravity-load effects considered for effective stiff-
nesses of components shall be determined using Ea. (7-3).

Oc=0p+ 01 + Os (7-3)

= Action caused by dead loads;

Q. = Action caused by live load, equal to 25% of the unreduced
live load obtained in accordance with ASCE 7 but not less
than the actual live load; and

Qs = Action caused by effective snow load.

C10.3.1.2 Stiffness. For columns with low axial loads (below
approximately 0.1A4,f/), deformations caused by bar slip can
account for as much as 50% of the total deformations at yield.
Further guidance regarding calculation of the effective stiffness
of reinforced concrete columns that include the effects of flexure,
shear, and bar slip can be found in Elwood and Eberhard (2009).
Flexure-controlled wall stiffnesg can vary from approximately
0.15E gl to 0.5Egl,, depending gn wall reinforcement and axial
wall stiffness that provides

load. A method for calculatin
ility with fiber section gnalysis is offered in C10.7.2.2.
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Pr - longitudinal tension reinforcement ratio defined as the
area of longitudinal bars in tension divided by the gross section
area, which can be taken as the section overall height multiplied
by the section web width

)( 20219 4 (150, +0.05)
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< C10.3.1.2 Stiffness. For columns with low axial loads (below

ASC E41_ 17 approximately 0.1A,f/), deformations caused by bar slip can
account for as much as 50% of the total deformations at yield.

Further guidance regarding calculation of the effective stiffness
of reinforced concrete columns that include the effects of flexure,
shear, and bar slip can be found in Elwood and Eberhard (2009).
Flexure-controlled wall stiffness can vary from approximately
0.15E gl to 0.5E gl,, depending on wall reinforcement and axial

load. A method for calculating wall stiffness that provides
__compatibility with fiber section analysis is offered in C10.7.2.2.
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