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CHAPTER 16
NONLINEAR RESPONSE HISTORY ANALYSIS
16.1 GENERAL REQUIREMENTS

e 16.1.1 Scope. It shall be permitted to use nonlinear response
history analysis in accordance with the requirements of this
chapter to demonstrate acceptable strength, stiffness, and
d ili o resist_mayd VI i d_caril ke (MCE1
shaking with acceptable performance. When nonlinear
response history analysis is performed, the design shall also
satisfy the requirements of Section 16.1.2. Nonlinear response

= . ered

and where required by Section 16.1.3, vertical motion.
Documentation of the design and analysis shall be prepared in
accordance with Section 16.1.4. Ground motion acceleration
ASCE 7-16 histories shall be selected and modified in accordance with the

procedures of Section 16.2. The structure shall be modeled and

analyzed in accordance with the criteria in Section 16.3. Analysis

results shall meet the acceptance criteria of Section 16.4.

Independent structural design review shall be performed in

accordance with the requirements of Section 16.5, 16.1.2 Linear Analysis. In addition to nonlinear response
history analysis, a linear analysis in accordance with one of
the applicable procedures of Chapter 12 shall also be performed.
The structure’s design shall meet all applicable criteria of
Chapter 12. Where soil-structure interaction in accordance
with Chapter 19 i1s used in the nonlinear analysis, it shall be
permitted to also use the corresponding spectral adjustment in the
linear analysis.
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16.1.2 Linear Analysis. In addition to nonlinear response
history analysis, a linear analysis in accordance with one of

Minimum Design Loads and
Az

wEoed e the applicable procedures of Chapter 12 shall also be performed.

and Other Structuses

The structure’s design shall meet all applicable criteria of
Chapter 12. Where soil-structure interaction in accordance
with Chapter 19 is used in the nonlinear analysis, it shall be
permitted to also use the corresponding spectral adjustment in the
linear analysis.

EXCEPTIONS:

ASCE 7-16 1. For Risk Category L, 11, and 111 structures, Sections 12.12.1
and 12.12.5 do not apply to the linear analysis. Where
mean computed drifts from the nonlinear analyses exceed
150% of the permissible story drifts per Section 12.12.1,
deformation-sensitive nonstructural components shall be
designed for 2/3 of these mean drifts.
2. The overstrength factor, €2, is permitted to be taken as 1.0
for the seismic load effects of Section 12.4.3.
3. The redundancy factor, p, is permitted to be taken as 1.0.
4. Where accidental torsion is explicitly modeled in the
nonlinear analysis, it shall be permitted to take the value
of A, as unity in the Chapter 12 analysis.
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CHAPTER 16 s
NONLINEAR RESPONSE HISTORY ANALYSIS Risk Categories (ASCE 7-16, Table 1.5-1)
EXCEPTIONS: o = e |
e I, For Risk Cutegary 1, T1, and 11T struc [y e | et |

5 and Other Structures

| Essansal facilmes
IV | (Hozpitals, fre and police ssahoms, smegeEnTy sheters, =) 18
| Fiructiures containing extrem y hazardous matenals

and 12125 do not apply w the
mean computed drifts from the nonlinear an.
150 of the permissihle story drifts per Section 12121,
deformation-sensitive nonstructural components shall be
designed for 2/3 of these mean drifts,

2. The overstrength factor, £, is permitied to be taken as 1.0 mﬁw Lol bbb Sl oL
for the seismic boad effects of Section 12.4.3, L! | {buidings wih 300 peosle in one an, day care facittes with 19
3. The redunduncy factor, p, is permitied o be taken as 1.0, | Eapaciny more mian 160, scrans wiih 3 capacity mor ran 750, #tc|
4, Where accidental torsion is explicitly modeled in the i
nonlinear analysis, it shall be permined o wke the value | Buldings nat 1 Oecupancy Catagores |, 1L ortv
of A, as unity in the Chapter 12 analysis. ] i...m.-;m...;r.; e 10
: | Bulangs Pazard 5
| of fasre !
12.12 DRIFT AND DEFORMATION | oo \ i stsrage Rciibes]
ASCE 7-16 12.12.1 Story Drift Limit. The design story drift (A) as
determined in Sections 12.8.6, 12.9.1, or 12.9.2 shall not
exceed the allowable story drift (A,) as obtained from A i Sy G
Table 12.12-1 for any story. Ty
12.12.1.1 Moment Frames in Structures Assigned to Seismic | == L s L
T p— [ o, wbish,

Design Categories D through F. For seismic force-resisting
systems solely comprising moment frames in structures assigned |
to Seismic Design Categories D, E, or F, the design story drift (A)| |
shall not exceed A,/p for any story. p shall be determined in| 2
accordance with Section 12.3.4.2,

Lo,

il

[

lo ot apply o the finear analysis. Where

ed drifts from the nonlinear analyses exceed ol Sel:;l; |
: % of the permissible story drifts per Section 12,121, Ca‘hgnrjl i et
PHCTUSE E o Sohts S deformation-sensitive nonstructural components shall be I 4 i
el designed for 2/3 of these mean drifs. ——
) 2, factor, £k, is permitted to be taken as 1.0 IV | (Hozpitals, fre and police ssahoms, smegeEnTy sheters, =) 18
for the seismic boad effects of Section 12.4.3, | Btrustures contaming sxtrem sy hazardous matenals
3. The redunduncy Factor, p, is permitied to be taken as 1.0, i
4, Where accidental torsion is explicitly modeled in the s otk B A wanial Bt s e
nonlinear analysis, it shall be permined o wke the value | el o 126
of A as unity in the Chapter 12 analysis. | {buliding= with 300 pecple in one an, day e faciites with
| tapacity morean 150, scranks wiin a capacity morm tan 750, 6tz
12.12.5 Deformation Compatibility for Seismic Design i | Buldings nat 1 Oecupancy Catagores |, 1L ortv =
Categories D through F. For structures assigned to Seismic | moe
Design Category D. E, or F, every structural component not | |mans razary =
included in the seismic force-resisting system in the direction | e o st ] ’

ASCE 7-16

under consideration shall be designed to be adequate for the
gravity load effects and the seismic forces resulting from
displacement caused by the design story drift (A) as

determined in accordance with Section 12.8.6 (see also
Section 12.12.1).
EXCEPTION: Reinforced concrete frame members not

designed as part of the seismic force-resisting system shall
comply with Section 18.14 of ACI 318,

Where determining the moments and shears induced in com-
ponents that are not included in the seismic force-resisting system
in the direction under consideration, the stiffening effects of
adjoining rigid structural and nonstructural elements shall be
considered, and a rational value of member and restraint stiffness
shall be used.
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CHAPTER 16
NONLINEAR RESPONSE HISTORY ANALYSIS

C16.1.2. Linear Analysis. As a precondition to performing
P nonlinear response history analysis, a linear analysis in accor-
dance with the requirements of Chapter 12 is required. Any of the
linear procedures allowed in Chapter 12 may be used. The
purpose of this requirement is to ensure that structures designed
using nonlinear response history analyses meet the minimum
strength and other criteria of Chapter 12, with a few exceptions.

Minimum Design Loads and

ASCE 7-16
In particular, when performing the Chapter 12 evaluations it is

permitted to take the value of Q; as 1.0 because it is felt that
values of demand obtained from the nonlinear procedure is a
more accurate representation of the maximum forces that will be
delivered to critical elements, considering structural over-
strength, than does the application of the judgmentally derived
factors specified 1n Chapter 2.

(ACI 318-19) & Shloc wlwlp sloyd 2l

CHAPTER 16
NONLINEAR RESPONSE HISTORY ANALYSIS

el 16.4.1.2 Story Drift. The mean story drift ratio shall not exceed
e two times the limits of Table 12.12-1. The story drift ratio shall be
computed as the largest difference of the deflections of vertically
aligned points at the top and bottom of the story under
consideration along any of the edges of the structure. For
masonry shear wall structures, the limits of Table 12.12-1
applicable to masonry structures shall not apply and these

structures shall instead comply with the limits for other structures.

Table 12.12-1 Allowable Story Drifi, 3,%*
Fisk Catngary

Strutturn (] " "
Structares, other than masonry shear wall strictures, four saones 25k, (1020, (TR

or less abiwve the base as defined in Sectioa 1.2, with interior

walls, partitio ngs. and exterior wall syssens that have

been design ccommuodate the sty drifts
Masanry cantilever shear wall sructures” D0, 0.000,, 01,
Other masonty shear wall stnsciures 00T, 0.00Th,, O.00Th,,
All other structures 0000, 00156, i,

“h,, 5 the story height below level v,
*Far seismic force-resisting systems solely compeising meoment frimes in Seisnic Design Categories D, E, and F, the allowable story drift shall comgly with the
requirements af Section 12,1211

“There shall be no drift limit For single-sory sructures with interior walls, partitions, ceilings, and exierior wall systems that have been designed 1o accommodate
the wiory drifts. The structure separation requirement of Section 12123 is not waived.

Atructures in which the busse structurnl system consists of masonry shesr walls desizned as verleal ehements cantibevered from hele base o foundation support
thar ane so constnacied teas moment transfer beswieen shear walls (coupling) s seplipible.
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MIST GUR 17-91 74033

Guidelines for Nonlinear
Structural Analysis for
Design of Buildings

Part 11b — Reinforced
Concrete Moment
Frames

NIST GCR 17-917-46v3
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MIST GUR 17-91 74033

Guidelines for Nonlinear
Structural Analysis for
Design of Buildings

Part 11b — Reinforced
Concrete Moment
Frames

e e i werelel

B.3

NIST GCR 17-917-46v3

B.2  Building Description

The example building is a five-story concrete office building located in San

Francisco, California.

The site is located on Soil Type D and
per ASCE/SEI 7-16 the building is
designed for Seismic Design Category
D. The site’s location in San Francisco
is outside the near-fault zone and

within the deterministic cap.

The example building is proportioned and designed under elastic analysis per
prescriptive requirements of ASCE/SEI 7-16 and ACI 318-14, Building Code
Requirements for Reinforced Concrete (ACL 2014). The elastic analysis and design
process is not documented in its entirety as the interest of this guideline is focused on
the nonlinear analysis and design. However, some important elastic modeling

assumptions, analysis results, and structural designs are provided below.

B.3.4 Drift Check

The Story drifts are computed in accordance with ASCE/SEI 7-16 Section 12.9.1.4.2
and then checked for acceptance based on Section 12.12.1, According to ASCE/SEI
7-16 Table 12.12-1, the story drift limut for this Occupancy Category I building is 2
percent of the story height. The story drifts are taken directly from the modal
combinations in ETABS. A plot of the total deflection in both the N-5 and E-W
directions is shown in Figure B-5 and a plot of story drifts is in Figure B-6.

Linear Structural Analysis and Design of Building

1/5/2022
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MIST GUR 17-91 74033

B.5.2  Story Drift Check

Guidelines for Nonlinear
Structural Analysis for

Design of Buildings | [ accordance with ASCE/SEI 7-16 Section 16.4.1.2, the mean story drift ratio is
Purtc LLI:;E&I";:?::: checked as a part of the global acceptance criteria. The allowable story drifi limit is
Frames | two times the limit employed for the elastic analysis. For the example building,
which is Risk Category Il and masonry-free, the allowable story drift ratio under

nonlinear response history analysis is 4%. The mean story drifi ratios in E-W and

N-S directions are illustrated in Figures B-18 and B-19, respectively. It is observed
that the building meets the drift criterion as the mean peak drifts at all levels and
directions are less than 4%.

NIST GCR 17-917-46v3

42 — | &
|
& =R 3 2
] — O
: =N
g — oG | 6
e
13 Tu | g3
— a2
—— )
0 o
0.0% 1% 20 0% 4.0 5 0% 4.0% "
DRIFT
Figure B-18 Maximum peak story drift in east-wes! direction. Figure B-19  Mawimum pesk story drift in north-south direction
—_— S,
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CHAPTER 16
NONLINEAR RESPONSE HISTORY ANALYSIS

ey T L 16.1 GENERAL REQUIREMENTS

16.1.1 Scope It shall be permitted to use nonlinear response
history analysis, in accordance with the requirements of this
chapter, to demonstrate acceptable strength, stiffness, and

5

shaking with acceptable performance. When nonlinear|
response history analysis is performed, the design shall also
satisfy the requirements of Section 16.1.2. Nonlinear response

I5L0TY 515 5 mc e € ClICCls (¥ 101,
and where required by Section 16.1.3, vertical motion.
ASCE 7-22 Documentation of the design and analysis shall be prepared in

accordance with Section 16.1.4. Ground motion acceleration
histories shall be selected and modified in accordance with the
procedures of Section 16.2. The structure shall be modeled and
analyzed in accordance with the criteria in Section 16.3. Analysis
results shall meet the acceptance criteria of Section 16.4.
Independent structural design review shall be performed in
accordance with the requirements of Section 16.5.

16.1.2 Linear Analysis In addition to nonlinear response history
analysis, a linear analysis in accordance with one of the applicable|
procedures of Chapter 12 shall also be performed. The structure’s|
design shall meet all applicable criteria of Chapter 12.
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CHAPTER 16
NONLINEAR RESPONSE HISTORY ANALYSIS
et (16.1.2 Linear Analysis In addition to nonlinear response history
B |analysis, a linear analysis in accordance with one of the applicable

procedures of Chapter 12 shall also be performed. The structure’s
design shall meet all applicable criteria of Chapter 12.

[EXCEPTIONS:

12.124 ormation Compatibility for Seismic Design 1
D through F i

ASCE 7-22 co
150% of the pennmxble story drifts per Scn.non 12.12.1,
deformation-sensitive nonstructural components shall be
designed for 2/3 of these mean drifts.

2. The overstrength factor, £, is permitted to be taken as 1.0

for the seismic load effects of Section 12.4.3.

The redundancy factor, p, is permitted to be taken as 1.0.

4. Where accidental torsion is explicitly modeled in the
nonlinear analysis, it shall be permitted to take the value
of A, as unity in the Chapter 12 analysis.

-
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CHAPTER 16
NONLINEAR RESPONSE HISTORY ANALYSIS

[ Ie—————— C16.1.2 Linear Analysis As a precondition to performing
remssns Wl nonlinear response history analysis, a linear analysis, in
accordance with the requirements of Chapter 12, is required.
Any of the linear procedures allowed in Chapter 12 may be used.
The purpose of this requirement is to ensure that structures
designed using nonlinear response history analyses meet the

minimum _strength _and other criteria_of Chapter 12, with a
few exceptions. In particular. when performing the Chapter 12
evaluations, it is permitted to take the value of £ as 1.0 because
it is felt that values of demand obtained from the nonlinear
procedure are a more accurate representation of the maximum
ASCE 7_22 forces that will be delivered to critical elements, considering
structural overstrength, than does the application of the
judgmentally derived factors specified in  Chapter 12.
Similarly, it is permitted to use a value of 1.0 for the
redundancy factor, p, because it is felt that the inherent
nonlinear evaluation of response to MCEg shaking required
by this chapter provides improved reliability relative to the
linear procedures of Chapter 12. For Risk Category L II, or
LI structures, it is permitted to neglect the evaluation of story
drift when using the linear procedure because it is felt that the
drift evaluation performed using the nonlinear procedure
provides a more accurate assessment of the structure's
tolerance to earthquake-induced drift. However, linear drift
evaluation is required for Risk Category IV structures because
it s felt that this level of drift control is important o attaining the
enhanced performance desired for such structures.

10



1/5/2022

(ACI 318-19) o Shoc wluwlp glojd 21y

A.2—Scope

A.2.2 The provisions of Appendix A shall be in addition to
the provisions of Chapters | through 26.

ACI 318-19 (Appendix A)

fassS o0 Bl o)l Cwoglin J8lus ’U"L”‘d Iy e R

11
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Design Strength & Required Strength
1-Lower Bound Material Strength 2-Expected Material Strength
o)l RS b (Solis az 20 9)lg0 5o 5] 090 gllan Cwglio 5 (b 41,5 Elban Cuwglio s )l5

ACI 318-19 ol p gole o1k >
qure ACI 318-19 wlwly loj ¥ >lyb >
_ ACI 318-19 o Shos plwly slojy 21k >

seismic reliability targets specified in ASCE/SEI 7

The bias factor, B

(ACI 318-19) & Shloc wlwlp sloyd 2l
Design Strength & Required Strength

ACI 318-19 4.6—Strength

4.6.1 Design strength of a member and its joints and
connections, in terms of moment, shear, torsional, axial, and
bearing strength, shall be taken as the nominal strength .,
multiplied by the applicable strength reduction factor ¢.

4.6.2 Structures and structural members shall have design
strength at all sections, ¢, greater than or equal to the
required strength U calculated for the factored loads and
forces in such combinations as required by this Code or the
general building code.

design strength > required strength

CI)‘SVH 2 {?

12
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Non-seismic Design According to ACI 318-19

Demand s Load Combinations
DC { Lower Bound
. . _— Design
. T . -
Equival ent Actions CapaCIty Material Strength ’ Strength (¢ )
[ Static { Demand = Load Combinations
; ‘ Lower Bound Design
ACthl’lS CapaCIty l Material Strength . Strength (¢S )
Analysis
(Static Loading) { Demand = Load Combinations
. - Lower Bound e DeSIgN S
K R ACthl’lS Capacity = Material Strength - Strength (4S.,)
€sponsc-
Spectrum { Demand == Load Combinations
. Lower Bound Design
ACthl’lS CapaCIty ol Material Strength Strength (¢S )

(ACI 318-19) o ;Shoc wluwlp glojd 21y
Seismic Design According to ACI 318-19

{ Demand = Seismic Provisions (e.g. Weak Beam-Strong Column)

DC Lower Bound
. _ _— Design
. o . e
Equival ent Actions CapaCIty Material Strength ’ Strength (¢ )
Static = Yiclding of DC Actions with Expected Strength
{ Demand (QE , tensil stress =1.25f )
. _ Lower Bound - Design
A 1 . ACthl’lS CapaCIty - Material Strength - Strength (¢S )
nalysis
(Static Loading) { Demand #= Seismic Provisions (e.g. Weak Beam-Strong Column)
. . Lower Bound e DeSIgN S
K R ACthl’lS Capacity == Material Strength - Strength (4S.,)
€sponsc-
Spectrum Demand ==  Yielding of DC Actions with Expected Strength
{ (QE , tensil stress =1.25f )
ACthl’lS Capacity w=— Lower Bound s Design
P 4 Material Strength Strength (¢S”)

13
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nd Material Strength 2-Expected Material Strength
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YV V YV V

Reinforcement

Longitudinal { P—-M,-M, (DC)= Capacity = [, =/,
Yield Stress

V,or V3(FC) = Demand = f, =125,

(ACI 318-19) & Sloc wlwlp gloyd 2l

Design Strength & Required Strength

W‘P‘ A i dS ‘(L‘)LQS.&L» 6‘)-'.") M‘g 3o J.o.o."u uLogj.O.o ‘s.ol.o;
258 3)ly sloj ) (b )3 (crlin 976 4 (Sl 05 5 o0 lo LS

1-Lower Bound Material Strength

2-Expected Material Strength

Design Strength 555 oo oolatul go¥ed Jdg, mlas b oS Cuglie 5 ey loe ahaiio o2uiS podud Canglin dowlos 5l
Design Strength 555 o oolitul (6058 Ly mlas (ol ()5 Coglie 5l assjlee LS et 5)Lid (5,970 Cuoglie dlne 51y

Required Strength
gl 5yl 225 50 LAt 390 peled Ceaglie L laan oo 3550 (28 dslo; ) 65158 (55570 (59 wles )L g (sloj ) 5l amslone sl

YV V YV V

Glad (g5 gl g ahlee (LS pedid Goly AT Coglie caylpe 28S (2lib (6l wg gz (b Ky, 0 nlply
5 AISC 360-16 Lol >y g, 15 18 05 aslss Slolme o sy lon S orkuct U1 350 Censlio 5t
w1l 0590 b o g oo Slewlne 8,5 b 4,8 Canglia b o (aseine ain)lge S AISC 341-16

CBF Elements (~ Brace: Axial P(DC) = Capacity = £, =F,
Yield Stress

Column: Axial P_Compression (FC) — Demand = F, =FyE =R yFy

14
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Design Strength & Required Strength

Demand Load combination & Seismic Provisions

DC .
Actions ) [VT ]
Capac1ty Lower Bound Material Strength L
Yielding of DC Actions with Expected Strength
Demand (QE , f, =125, ., F,=RF,)
FC ' o
. V,=Q oV, <3
Actions ¢ v u 111 M
. || |
Capacity Lower Bound Material Strength ot f |J|r'I
1R 1 21
e
Sla s et o n aglie 8131 g5 2 5 e 30T o v (EEEREREE S
el oile Jgiio a5 opl Demand aculs sl DC H

b

Juloss w5, 50 DC (sla b sl 5 y90 Conglio (0,5 Llxd sl vV
Sz b s

(ACI 318-19) & Shloc wlwlp sloyd 2l

Performan-Based Seismic Design According to ACI 318-19

WY ALY

e e e o | RA.8.4 The effective stiffness values are intended to

oMY

represent the slope from A to B in Fig. RA.8.3, where B
corresponds to expected yield strength. Effective stiffness
values for beams and columns are based on Elwood et al.
(2007), and incorporate the effects of reinforcement slip
along the development length. Tabulated values for struc-
tural walls are appropriate to use where the wall is repre-
sented by a line element. In some building models, struc-
tural walls will be represented by distributed fiber models, in

fsolrr(?gsbr which case the fiber model should directly represent effects
moment of concrete cracking and reinforcement yielding, such that

the stiffness values in Table A.8.4 do not apply.
Rpe T4

ACI 318-19 (Appendix A)

R,. = expected yield strength

[

0 Deformation

Fig. RA.8.3—Generalized force-deformation relations.
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ACI 318-19 (Appendix A)

(ACI 318-19) & Shloc wlwlp sloyd 2l

Performan-Based Seismic Design According to ACI 318-19

A.11—Expected strength for force-controlled
actions

A.11.1 Force-controlled actions shall be evaluated in
accordance with the general building code, with expected
strength taken as ¢,BR,,.

A.11.2 i, shall be in accordance with Table A.11.2, with
¢ determined in accordance with Chapter 21, except that
21.2.4.1 shall not apply.

Table A.11.2—Seismic resistance factor

Force-controlled action &,
Critical . 0]
Oirdinary . 0.9 = 1.0

Noncritical GRS = L0

1/5/2022

A.11.3 Bias factor, B, shall be taken as 1.0. Alternatively,
it shall be permitted to calculate 8 using Eq. (A.11.3):
B=09R,/R,=1.0 (A11.3)
A.11.3.1 Nominal strength, R, shall be in accordance
with Chapter 18, 22, or 23.

A.11.3.2 The expected strength, R,., is permitted to be
defined in accordance with the nominal strength provisions
of Chapters 18, 22, or 23, with £, substituted for " and f,
substituted for f; or f,,, except as provided in A.11.3.2.1 and
Al113.2.2.

Sy i U s e Julod Laslgws g1 0gdle ASCE 7-22 8 lsbiw! 5118 buad baslgd 45 a5
W ad balgd J8las ol pila (Ll aizr 1) 33,5 Ll 3 8 ylaibiw! o VY buad baslguds i

dad a0 Shoe wluwlp glojd 21k 5l solaiw! 14 .09 wlexi jlxo L@‘T 3 S g oo (5 L=l
Mbsm o (65l Seew
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E) Performance-Based Seismic Design @S[B

Seismic Evaluation and Retrofit of Existing Buildings

Instructor:
Javad Ghodrati Yengejeh

Ut b i hps o A
*

(ACI 318-19) & Shoe wlwlp glojd 2l
1095 by lp Alao g,

(s Sy Jogl jlawg 50) 8y doe wlwly gloj ) (>l yb adudd (g paideo gz pio—)

s ASCE 41-17 5,lutus! <ACI 369.1 5,luibiw! ACI 374 gloialy ATC 114 5,5 05951 520"
ACT 318-19 5 luitias! 1 A S

ACT 3 laitiwl jI A Syl 9 ASCE 41-17 5 laibiow! (wlal p 4oyl v el 5o sidow iblS <5l ps—¥
ACI 369.1-23 ;5 Jlio! Laylgs 9 318-19
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Evolution of the development of ASCE/SEI 41

Guidelines Pre-Standard Standard Standard Standard

Seismic Evaluation
B‘m,l RAetroﬂtlofl _ Seismic Evaluation
Existing Buildings and Retrofit of

Existing Buildings

FEMA273 FEMA356 ASCE41-06 ASCE41-13 ASCE41-17
(1997) $000) (2007) (2013) —l (2017)
| l' | | ‘1‘ | | l‘ N
| | | | | -
1995 2000 2005 2010 2015

L |

» Applied Technology Council (ATC) published one of the first EIALIMTING T i PO

OF EXISTING BUILDINGS

set of Guidelines for the “Seismic Evaluation of Existing | ATC 14 (1987)
Buildings’”, ATC-14 (1987) e

» First Attempt creating Seismic Evaluation Tool T ————

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

NEHRP Handbaok for the Seismic
Exaluation of Existing Buildings

. =s| FEMA 178 (1992)
» FEMA 178 NEHRP Handbook For The Seismic Kvaluation

Of Existing Buildings (1992) /m

= Development of Checklists p—— <
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> 1989 Loma Prieta, CA
* Magnitude estimated 6.9
* 63 Deaths and nearly 4,000 Injuries
« ~$12B in damages (in 2017 money)

» 1994 Northridge, CA
* Magnitude estimated 6.7

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

s S e

(ACI 318-19) & Shloc wlwlp sloyd 2l

» 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

. FEMAZ273
performance based design procedures) (1997)

» FEMA 273 and 274 NEHRP Guidelines and Commentary For = -

The Seismic Rehabilitation Of Buildings (1997) - Vol
— | FEMA310
» FEMA published a revised guideline, designated FEMA 310 (1998)
(January 1998) entitled Handbook for the Seismic Evaluation %
of Buildings — A Prestandard. I
» FEMA 356 Prestandard and Commentary for the Seismic FEMA356
Rehabilitation of Buildings (2000) (2000)
==

21
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(ACI 318-19) & Sloc wlwlp sloyd 21y

» FEMA 356-Scismic Rehabilitation of Existing Buildings

FEDERAL EMERGENCY MANAGEMENT AGENCY FEMA 356/Hovember 2000

The title of this document, FEMA 356 Prestandard and
Commentary for the Seismic Rehabilitation of Buildings, | [PRESTANDARD anD commENTARY FOR THE
. s SEISMIC REHABILITATION OF BUILDINGS
incorporates a word that not all users may be familiar

with. That word—prestandard—has a special meaning FEMAZ356
within the ASCE Standards Program in that it signifies (2000)

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.

(ACI 318-19) o ;Shoc wluwlp glojd 21y
» ASCE 31-03 — Seismic Evaluation of Existing Buildings

» ASCE/SEI 31-03 is intended to replace FEMA 310, Handbook for Seismic Evaluation of Buildings
— A Prestandard (1998). This Standard was written to:

)

1- Reflect advancements in technology; Selsmic Evalustion

2- Incorporate the experience of design professionals; ShExesng Buldiogs

3- Incorporate lessons learned during recent earthquakes; ASCE 31-03
be compatible with FEMA 356, Prestandard and Commentary for the Seismic Rehabilitation of (2003)
Buildings (2000); be suitable for adoption in building codes and contracts; be nationally applicable; and
provide evaluation techniques. Asck 8

» Life Safety and Immediate Occupancy Performance Levels.

» Three-tier approach for screening buildings with checklist requirements for each tier.

v’ Tier 1 - Screening Phase
v’ Tier 2 - Evaluation Phase
v Tier 3 - Detailed Evaluation

22
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(ACI 318-19) & Sloc wlwlp sloyd 21y

» ASCE 41-06—Scismic Rehabilitation of Existing Buildings

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 ASCE41-06
calculation of the pseudo-lateral force and target displacement based on (2007)
recommendations in FEMA 440,

(ACI 318-19) & Shloc wlwlp sloyd 2l

» ASCE 41-06—Scismic Rehabilitation of Existing Buildings

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

TEDEMAL EMERGENCY MANAGENERT AGENTY A )

PRESTANDARD AND COMMENTARY FOR THE
SEISMIC REHABILITATION OF BUILDINGS

FEMA356
(2000)

Sy

FEMAA440

2005
= (m)d
+ Improvement of (2007)

Nonlinear Static Seismic
Analysis Procedures

FEMA 440

ASCE41-06

& FEMA nehrp
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Seismic Elluatlon Seismic Retrofit Update to ASCE/SEI 41
Concrete Provisions

Seismic Evaluation
and Retrofit of
Existing Buildings

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

= Tier 2 Deficiency-Based Evaluation and Retrofit » First time Evaluation and

» Tier 3 Systematic Evaluation and Retrofit Rehabilitation codes of Existing
Buildings were combined.

» Utilizes ASCE 7-10.

(ACI 318-19) o ;Shoc wluwlp glojd 21y
ASCE41-17: Seismic Evaluation and Retrofit of Exi

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 o -
performance and the performance of nonstructural components with Selsnic Evf'tluatlon

S 3 ; and Retrofit of
seismic hazard levels. The deficiency-based procedures allow evaluation Existing Buildings
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.

g Bulldlngs

ASCE41-17
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(ACI 318-19) o Shoc wluwlp glojd 21y
ASCE41-17: Seismic Evaluation and Retrofit of Existing Buildings -

Nonlinear modeling parameters and acceptance criteria for concrete columns
Ghannoum, W, M., Matamaoros, A, B

Wassim M. Ghannoum

Abstract

University of Texas at Austin
A datgbase of 490 pseudo-static tests of reintorced concrete columns subjected 1o load reversals
was used to evaluate nonlinear modeling parameters that define the lateral force versus lateral
deformation envelope relution of columns under seismic excitations. Based on the modeling
parnmeters, eriteria that identify acceptable deformation levels at various performance objectives
are proposed. The effects of bi-directional loading and her-of-cycles of the displ
history on the drift ratio at axial faslure are discussed. and recommendations are given to account
fioe such efficts. Modeling p and ey eriterin are provided in a format that is
consistent with provisions of the ASCE 41-06 Standard entitled “Seismic Rehabilitation of
Existing Structures”,

Adolfo Benjamin Matamoros
University of Texas at San Antonio

for Concrete

Wassim M. Gt F.SEL AM.ASCE, Chair |
[ohammad Alisari

Sergio Francisco Brena, Ph.D., M.ASCE
Casey Champion
Jeff 1, Dragovich, P.E, 5.E., M.ASCE
Ken Elwog
Garrett Richard Hagen, P.E., M.ASCE
Insung Kim, PhD,, PE, SE. MASCE
~~—  Regun Milam, P.E., M.ASCE
Robent George Pekelnicky, P.E.. 5.E., M.ASCE
Halil Sezen, Ph.D., P.E, MASCE
Tom Chuan Xia, P.E.. M.ASCE
ubcommittes for Masonry /
< Alemap

FSEL MASCE
. RLS: FASCE
SCE

e

Is creating...

and Retrofit of
Existing Buildings

ASCE41-17 ASCE41-23

l l l
1 1 1
2015 2020 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."

\ 4
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(;421_318 -19) o Sdoe wlalp glojd 21k
£3f U ATC Project No. : ATC - 114

Project Title : Development of Accurate Models and Efficient Simulation Capabilities for Collapse Analysis to
Support Implementation of Performance Based Seismic Engineering. This task has been completed and produced four

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

Funding Agency :

NINT GOW 1741748
Guidelines for Nonlinear

¥ Recommended| | NS Guidelines for Nonlinear '—‘——F Guidelines for Nonlinear u i
i i[.‘f_u" ! Modeling Parameters Structural Analysis for _:_T Struetural Analysis for Structural Analysis for
'._=?-{.-I|| { b and f\:mnunu- & Deslgn of Bulldings = Design of Buildings Design of Buildings
riteria far Nonlinear e - -
. Analysis in !'hlpporl o] Part | — General ImE Part Ila - Steel Part 1Th — Reinforced
Moment Frames . Caonerete Moment
; Frames

NIST GUR 179174 ]

NIST GUR 170174 |

E¥,
Hetmﬂl alm Design

National Institute of

April 2017 April 2017 April 2017 April 2017 Standards and Technology
néhep »-—"-T'-'-Ngr—: = :.D':Er: J tiahen __»_--_'y—smrn | heiup _._."':QJ:I:S"_E

Chapter 7 Chapier §
Flexure-Controlled Reinforced Shear-Controlled
Reinforced Concrete Walls

Componi;t:e;{i:—élsz Concrete Walls
NIST.GCR.17-917-46v3 _ NIST.GCR.17-917-45 NIST.GCR.17-917-45
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Ongoing Activities for Future Updates of the ACI PBD Provisions

ACI 318-19 ACI 374.3-16 ACI 369.1-17

Seismic Repair and
Rehabilitation

Chair:
Adolfo Matamoros

Performance-Based
Seismic Design of
Concrete Buildings

| ACI 318-0H

~ | Seismic Provisions

Chair: John Wallace

Chair: Garrett Hagen

(ACI 318-19) o ;Shoc wluwlp glojd 21y

Ongoing Activities for Future Updates of the ACI PBD Provisions

300 DESIGN AND CONSTRUCTION (qci} #rencongee e
Committee: ACI 318 - Structural Concrete Building Code

ACI 318 Subcommittee H Meeting - Virtual Fall Convention Tuesday, 19 October 2021

1. Introductions ACI 374

2. Review and approval ofagenda Performance-Based Seismic Design

3. Approval of minutes from virtual meeting in March 2021 Of Concrete Buildings

4. Review of 319 sthedule Committee Mission: Develop and report information on
5. ACI318-22 performance-based seismic analysis and design of concrete

outdated, redundant, or simply not needed. Also, where commentary provides a lengthy
I commentary

a. Reference update bulldmgs
b. Commentary review (Chapter 12, \B, Appendix A)
The main idea of the commentary review T8 16 dentify commentary that might be

might be deleted and a reference provided to a separate publication,

27
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Ongoing Activities for Future Updates of the ACI PBD Provisions

300 DESIGN AND CONSTRUCTION (qci} #rencongee e
Committee: ACI 318 - Structural Concrete Building Code

10, Change proposals under development - Not discussed during March 2021 meeting, updates

ACI 318-0H - Seismic Provisions expected at October 19, 2021 meeting
Chair: John Wallace = |
) [[a. CH0Z0 - Column Shear Strength - Matamoros/Abdullah |
I b. CHO30 - Column Shear Amplification — Ahdullathatamamﬂ

[[e. CH170 - Splices at the Base of Walle= Lehman/MXCabe |
d. CH260 - Web Cross Tie€ - Lehman/ADdullah
[[e. CH210 - Load Combinations in Shear Wall Design - Moehle|
[ £ CHZ60 - Wall web detailing 1 - Abdullah/Fields/Lehman D
[[g. CH300 - Special Walls R-factor - Fields/McFarlane |
| h. CH310 - Redistribution of demands in coupling beams - Fields/McFarlane |
\ i. CH320 - Wall web detailing Il Splices - Abdullah/Fields
[j.  CH330 - Phi factor for shear amplification slender walls (clarification) - Fields/McFarlane|

Dawn E Lehman

300 DESIGN AND CONSTRUCTION (qci} #rencongee e

Meeting Minutes

ACI Committee 374
Performance-Based Seismic Design of Concrete Buildings

2:00 - 5:00 PM
Buckingham Room
Hyatt Regency, Chicago, IL

Dawn E Lehman ATTENDANCE:

Members Present: Sergio Alcocer, Mark Aschheim, John Bonacei, Joe Bracci. JoAnn Browning.
Duane Castenada, Juan Carlos Esquivel, Jack Hayes, Mary Beth Hueste, Brian
Kehoe, Dominic Kelly, Ron Klemencic (Committee Chairman), Richard
Klingner, Mervyn Kowalsky, Mike Kreger, Vilas Mujumdar, Javeed Munshi,
Murat Saatcioghn, Shamim Sheikh, Andy Taylor. Raj Valluvan, John Wallace,
Femando Yanez

Associate Members Present: No associate members have vet been app d to this new

Patricio Bonelli, Marc Eberhard, Angel Herrera, Jim LaFave,

Andres LePage, Steve McCabe, Conrad Paulson, Victor Pavon, David Sanders,
Art Schultz, Bahram Shahrooz, Frank Vecchio, Eric Williamson
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Ongoing Activities for Future Updates of the ACI PBDMP;bvisions
300 DESIGN AND CONSTRUCTION (aci® Areiemcogete e

Committee: ACI 374 - Performance-Based Seismic Design of Concrete Buildings

This guide provides information regarding nonlinear modeling of
components in special moment frame and structural wall systems
resisting earthquake loads. The reported modeling parameters
provide a modeling option for licensed design professionals
(LDPs) performing nonlinear analysis for performance-based
seismic design of reinforced concrete building structures designed
and detailed in accordance with ACI 318.

' ACI374 ACI374-23| 9 N\

Performance-Based Seismic Design of Concrete Buildings

Committee Mission: Develop and report information on performance-based seismic analysis
and design of concrete buildings.

Goals: 1) Coordinate efforts within ACI on performance-based seismic design; 2) Draft guides
and technical notes on performance based seismic design topics; 3) Develop technical sessions.

Chair: Garrett Hagen

N

: : Guide to Nonlinear Modeling
ACI 374B Committee Meetlng 374B - 10/17/2021 3:00 PM-5:00 PM-EDT (UTC-4)

[ ACI 318 Appendix A:
— (CO015a ballot: Ultimate deformation capacity (Kim) #
1

5. Other New Business:

— Slab-wall / Slab-column connection
— _Energy Dissipation and Hysteresis Modeling (Guidelines for Performance-Based Seismic Design of
RC Buildings, KCI)
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300 DESIGN AND CONSTRUCTION (qci} #rencogee e
Committee: ACI 369 - Seismic Repair and Rehabilitation

PREFACE

An AC) Signd

Concrete Buildings
(ACI 369.1M-17) and
Commentary

ACI| 369.1M-17

Standard Requirement2
for Seismic Evaluation
and Retrofit of Existing

(Ql S *mcnconoms minne

This standard provides mfnyj‘i’tand r@habilifmian criteria for reinforced
concrete buildings based on results jmm the most recent research on
the seismic performance of existing concrete buildings.
this standard is to provide a continuously updated resource document
Sfor madifications to Chapter 18 of ASCE 41-17, similar to how the
National E: anhqum{r Hazamis‘ Reduction Program (NEHRF) Recom-
ded Seismic Pr ns produced by the Federal Emergency
Management Agency (FEM) (FEMA 45() 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 sny 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
(‘ )
acl =

E) Ongoing Activities for Future Updates of the ACI Standard 369-17

300 DESIGN AND CONSTRUCTION (qci} #rencongee e
Committee: ACI 369 - Seismic Repair and Rehabilitation

ACH3I6HR-11

Guide for Seismic Rehabilitation of
Existing Concrete Frame Buildings
and Commentary

FRepunind by AL Commizis 350

@i‘f American Concrete Institute*
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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/ ACI 369  ACI 369-23 \

Seismic Repair and Rehabilitation

Committee Mission: Develop and report information on the repair or rehabilitation of building
structures to improve earthquake resistance.

Goals: 1) Maintain the standard "Seismic Evaluation and Retrofit of Existing Concrete
Buildings" that is the source document for the concrete provisions of ASCE 41; 2) Provide
extended commentary for the standard; 3) Develop guides and other documents on seismic
retrofit techniques.

@ir: Adolfo Matamoros

(ACI 318-19) & Shloc wlwlp sloyd 2l

CACI committee 369 now updates the concrete provisions of ASCE/SEI 41)

v" Published under ACI 369.1 Standard

v' ACI 369.1 is on 3 year cycle

v" ASCE/SEI 41 is on a 6 year cycle

v' ACT 369.1-20 will have substantial updates
v

v

Standards will merge again in 2023

ACI 369 “Seismic Repair and Rehabilitation”

— One Main committee and five sub-committees

— Main committee: 23 voting member (balanced), 9 consulting members, 49 associate members
—369-0A: General Provisions, 11 voting members

—369-0C: Frames, 7 voting members

—369-0D: Walls, 8 voting members

—369-0E: Diaphragms and Foundations, 2 voting members

—369-0F: Retrofit, 9 voting members
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Ongoing Activities for Future Updates of the ACI Standard 369.1-17

U 369 Committee Chair: Adolfo Matamoros

O 369-0A: General Provisions Chair: Insung Kim

U 369-0C: Frames Chair: Siamak Sattar

0 369-0D: Walls Chair: Garrett Hagen

0 369-0E: Diaphragms and Foundations Chair: Arne Halte

O 369-0F: Retrofit Chair: Sergio Brena

' FEMA Support for ACI 369/ASCE 41 |

FEMA providing funding through ATC Project 140 to help ASC/SEI 41 and ACI

369 update provisions of their standards
O\TC ATC Project No. : ATC 140-1

Project Title: Update of Seismic Evaluation and Retrofit of Existing Buildings Guidance
Client: Federal Emergency Management Agency
Purpose: To investigate and address technical issues regarding the evaluation and retrofit of

existing buildings and develop material for the expanded FEMA design applications document
that will replace the current FEMA 275 Design Examples document.
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ACI 318 Committee
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(ACI 318-19) & Sloc wlwlp sloyd 21y
ACI 318-19 Appendix A

Design Verification Using Nonlinear Response History Analysis
| Why was Appendix A added to the Code?

BB ASCE7-16 ~
#2017 LATBSDC Guidelines %

PEER TBI 2017 &~

AC1318-14 3€
ACI 318-19

ACI 318-19 (Appendix A)

Aot e o bt gres s A

(ACI 318-19) o ;Shoc wluwlp glojd 21y
1p90 Hlwg 1y cdlae s

(s Sy Jogl jlawg 50) 8y doe wlwly gloj ) (>l yb adudd (g paideo gz pio—)

s ASCE 41-17 5 lutus! <ACI 369.1 5,luitiwl ACI 374 cloialy ATC 114 5,5 0595 b y20-Y
ACT 318-19 5 luitias! 1 A S|

ACT 3 laitiwl j1 A oyl 9 ASCE 41-17 5 jlaibiow! (wlal p 4oyl v gplall 5o sidow iblS <5l ps-¥
ACI 369.1-23 ;5 Jlo! Laylgs 9 318-19
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ACI 318-19 Appendix A

Design Verification Using Nonlinear Response History Analysis

[ 1-Stiffness (Eyor Eu. ) P Sl g8 L) ny sl S5 ST Gyl
— gy 5 (bl pojy lagldl 4 by a5 (5,50

2-Strength (Lower Bound or Expected) . . .
? 13,10 8959 (oS Jlguw duw ( Jas jud gld Judxs
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Option 2 (without slip springs)

1/5/2022

[ | Use effective
stiffness
determined
from column
tests.

':>/

introducing bar-slip rotational flexibility provides reasonably accurate

1Ci

NIST GCR 17-917-46v3

Guidelines for Nonlinear
Structural Analysis for
Design of Buildings

Part IIb — Reinforced
Concrete Moment
Frames

Applied Technology Council

This publication is available free of charge from:
https:#/doi.org/10.6028/NIST.GCR.17-917-46v3

|o)’3] <=

estimates of overall member lateral stiffness.

The added flexibility resulting from bar-slip rotations can be added to

fiber section beam and column elements through:

1-Zero-length fiber-sections

or

2-Elastic rotational springs at element ends.
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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
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Hysteretic Behaviour of RC Column

400
U6 - test z
o | 055 asia Jly3 Jebs 4 Vsl
—NIST 2017.¢c ‘5)‘;\5)1_3 )J LQOLQJ‘ S "
20 G 5l Lol g oSS Lo
100 e 5l YL Sigigige
é ; Oledl cpl )5 09 dalgs ) s
8 1w/ /S / AW YL Sad jgame Jdo 4
SR [ | | s 5l Jel g
-200 =y~ odel ks b Sgisise
= ki o AL 555
-300
-400

-160 -140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 140 160

Deflection (mm)

ooy Sl Pl gslwans 6l NIST GCR 17-917-46v3 30 olpin sl g, L gilkas
Olse a1y Job slaygile)l (53 Judo 4y (s 5l ol o (lsices ( Job gl ile]
el Jol ) Soge e 05 il A gae bl o Sl Slge 8 S
Slall b 55yl Kby ol 5 sl o ko olall sleil o Slg 528 ol 4 a8 cand
Joe lp Gile ad e ol jo a5 cal Joo sl ol some sl sl cols plais]
aie S8 llae Conl ond ools olais| gaac Job o pmls Jolie g suis plowl b33
b Calid  all Jals jlews Joe (ol (f5w 058 (il 4l D jp0 p0 a5
rlasl plall 4y (s alS o po g o Sage 5 2l S 59 8 0 ol ced s b
oolitul pae ygo 40 a5 098 o Slgiis NIST GCR 17-917-46V3 o .l soiis eols
oolictl KWON (2016) Ligs ons 5 yne (i 2lS il §1 olica (g0 26 Jos 5|
Syt Aol 85 ol om0l olais| e Gleil 5 [y suls Sodly Jomie Jao 3 05
il Jon 5l ool b b o] gl 5 4nbls oW Jlems <o o ol i LialS il

Al b & Koo s s 53 g0

45



1/5/2022

(ACI 318-19) & ,Slos u»l.w‘f ‘5|o))l Ls.'>|).b

) ) ) Base shear
\

4, Ay Displacement

Lateral Load

L/ > Deformation

(ACI 318-19) o Sdos  golwl o ‘5|o)).| <=

‘e a4

Dg (63w dod o S LI it B b o> Sl g e jo

(ACI318-19 3 luilins! I A Camgny (S5 Sl CSlp0) 60 Sl oo ybo-

(ASCE41-17 s jlaibiw! y5 cidew lS i1p0) (510350 (63t~

46



(ACI 318-19) & Sloc wlwlp sloyd 21y

(ACI 318-19) & Shloc wlwlp sloyd 2l
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ACI 318-19

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

Table 6.6.3.1.1(b)—Alternative moments of inertia

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
) | M P
Columns 0.70L Columas 0.35L, 080+2572 || 1-—=—05=2 |1 0.8751;
and walls = A Ph BT
Uncracked 0.70L, ¥
Walls
Cracked 0.35I, 1.04, byl Beams. flat
8, i 5 _
Beams 035, plates, and 0.25L, (0.10+ Ebp)[l.i—O.ZE']I, 0.51;

Flat plates and flat slabs | 0.25I, flat slabs

MNotes: For continuous flexural members, I'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 nnder consideration, of the combination
of P, and M, that produces the least value of I.

1/5/2022
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(ACI 318-19) o Shoc wluwlp glojd 21y
ASCE41-13

Table 10-5. Effective Stiffness Values

Component Flexural Rigidity Shear Rigidity Axial Rigidity
Beams—nonprestressed” 0.3E1, 04EA, —
Beams—prestressed” El, 04EA, —

Col with compression caused by design O.TEL, 04EA, EA,

gravity loads 2 0.54, f

Col with I ion caused by design 0.3Ed, 04EA, E.A, (compression)
gravity loads < 14, f7 or with tension EA, (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—yprestressed Refer to Section 10.4.4.2 04EA, —

Walls-cracked® 0.35EA, 04EA, EA, {C{)rr!pressicnl

EA, (tension)

“For T-beams, /, 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.
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.

ASCE41-13

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 0.1A,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. 106-545

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

ASCE41-17

Component Flexural Rigidity Shear Rigidity Axial Rigidity
Beams—nonprestressed” 0.3E.£ly 0.4E£A, G
Beams—prestressed” Ecely 0.4E.£A,, —_
Columns with compression 0.7Ecely 0.4EAy EceAg

caused by design gravity
loads > 0.5A,f, "

Columns with compression 0.3E.ely 0.4E. Ay E A4 (compression)
caused by design gravity E.£A; (tension)
loads < 0.1A,f - or with
tension®

Beam—column joints Refer to Section 10.4.2.2.1 EceAg

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

Flat slabs—prestressed Refer to Section 10.4.4.2 0.4EeAq —

Walls—cracked® 0.35E.£A4 0.4E.-A, E.eAg (compression)

E.A; (tension)

2 For T-beams, I 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.

P 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 N is permitted
to be used for stiffness evaluations.

¢ See Section 10.7.2.2.

Ny = Member design axial force evaluated based on
Eq. (7-3) of ASCE 41: set to zero for tension force
in Eq. (10-3)

Qc=0p+ O + Qs (7-3)

Qp = 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.

ASCE41-17

10.3.1.2 Stiffness. Component stiffnesses shall be calculated
considering shear, ‘flexure, ‘axial behavior, and féinforcement 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. IGravity-load effects considered for effective stiff-
nesses of components shall be determined using Eq. (7-3).

O6=0p+ 01 + Os (7-3)

Qp = 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

Qg = 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 stiffness can vary from approximately
0.15E gl to 0.5E g, 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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Effective Stiffness Ratio
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(ACI 318-19) o ;Shoe wlwlp slojd =l R
ACI 318 19 & ASCE 41-17 Effective stlffness Values

A.8—Effective stiffness
A.8.1 Member stiffness shall include effects of deforma-
tions duc to flexure, shear, axial elongation or shortening,

and reinforcement slip along its development length.

RA.8—Effective stiffness

RA.8.1 Software for nonlinear analysis generally is
capable of directly modeling deformations due to flexure,
shear, and axial elongation or shortening. Additional defor-
mation may occur due to slip of longitudinal reinforcement
from adjacent anchorages. Such effects commonly occur
where beams frame into beam-column joints or walls, where
columns frame into beam-column joints or foundations,
and where walls frame into foundations. If such effects are
considered important to the performance of the structure,
appropriate assumptions should be included in the analytical
model, either directly or by adjustment of flexural stiffness.

ACI 318-19 (Appendix A)
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ACI 318-19 & ASCE 41-17  Effective stiffnes

ACI 318-19

RA.8.2: TBI (2017) and LATBSDC (2017) provide additional effective
stiffness recommendations while NIST GCR 17-917-46v1 (NIST 2017a)
and NIST GCR 17-917-46v3 (NIST 2017c) provide more detailed

guidance on modeling of diaphragms and frame elements.

(ACI 318-19) & Shloc wlwlp sloyd 2l
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ACI 318-19 ASCE41-17
Component Appendix A

Axial | Flexural | Shear Axial Flexural
Beams nonprestressed | 1.0E 4, 03E1, |04EA, - 03E,.1, 04E. A,
prestressed 1.0OE A, | 10E1, | 04EA4, - 1.OE, 1, |04E A,
‘Columns >0.54,f, 1LOE A4, | 0.7E.1, |04EA, | 10E.4, | 0.7E, I, 04E.A,
23223?5 ?:ssil;;l <014 f,  |10EA,©)| 4 EJI, 04E.A4 LOEA.©) o 3F L | 04E,,4,

gravity loads or with tension |1.0E A4 (T) ¢ |LOE A, (1) o
Structural in-plane | L.OE,A, | 035E,1, |02EA, | 10E,4, |O035EI,  04E 4,

walls out-of-plane | 1.0E 4, 0251, |0.4E.A4,
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RC Column Effective Stiffness Values—
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' FEMA Support for ACI 369/ASCE 41 |

FEMA providing funding through ATC Project 140 to help ASC/SEI 41 and ACI

369 update provisions of their standards

ATC Project No. : ATC 140-1

-|||

Project Title: Update of Seismic Evaluation and Retrofit of Existing Buildings Guidance

Client: Federal Emergency Management Agency

Purpose: To investigate and address technical issues regarding the evaluation and retrofit of
existing buildings and develop material for the expanded FEMA design applications document

that will replace the current FEMA 275 Design Examples document.

(ACI 318-19) o ;Shoc wluwlp glojd 21y
RC Wall Effective Flexural Stiffness Values
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RC Wall Effective Flexural Stiffness Values
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RC Wall Effective Flexural Stiffness Values

2.00
7 Colored lines= data trends
] Black line = proposed model ' Table 7-2-Proposed values for uncracked wall flexural stiffness (Eofuner)
P I
AT Ed,
< 0.00 0.50
=0.30 1.00

* Values between those listed should be determined by
linear interpolation

L I LELILIL) TrTIT I LR I LILELIL 1 LA )
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f’.-'.-IIL_j‘ (%]
Fig. 7-13— Linear regression lines to the data and the proposed model for E-fuyer. (black line =
model).
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(ACI 318-19) o Shoc wluwlp glojd 21y
RC Wall Effective Flexural Stiffness Values

= Table 7-4-Proposed values for effective flexural stiffness (£.Lo)
0.5 P El,
59 - o
¥ . - 5
w06 AT El,
= 4
504 <0.05 0.20
-~
P . Mean = 1,05
0.2 —} : STDV =0.33 =0.50 1.00
T COV =031 _
0 LI A RO LAY L) * Values between those listed should be determined by
0 10 20 30 40 50 60 linear interpolation

"""'-'fquc ["'u]
Fig. 7-14-Linear regression lines to the data and the proposed model for Ecleg. (black line =
model).

(ACI 318-19) o ;Shoc wluwlp glojd 21y
RC Wall Effective Flexural Stiffness Values

0.8

E.I. P
OIS 4350, $10 (Eq. 7-17)
41

0.6 ET

Table 7-5-Proposed values for Edoras a function of P4 ) and oree

] Y Ely’
. At e EJ,
0.0 T 0.0 T

0 10 20 30 40 S0 60 o 4 8 12 16 20 > 001 020

AL %) A £ e =005
Ze T FJ‘ 1] < (.03 .30

a) Entire dataset b) Pid f. <0.20

5 = (0] 0.90

Fig. 7-15-Influence of longitudinal reinforcement ratio (01 5£) on Eclar. =050
< (.03 1.00

* Values between those listed should be determined by linear interpolation
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(ACI 318-19) o Shoc wluwlp glojd 21y
RC Wall Effective Shear Modulus

1.40 —

4 ¢ Data Proposed model Gross shear modulus
1.20 4 Linear fit to data = = = ACI 369-17 —
= s G,=04E
Loy E i S I Note that shear stress at general yield
o 080 = for all walls exceeded the cracking
¥ 9603 shear strength of concrete
O . B % » * - a
0.40 —E B o A ‘, " v, =0.17\/fT(MPa)
J%° * 5 Te —.| Based on the results of Fig. 7-17, a
0204* . . e, ‘:.n t - .
i *°% ¢ Tee +# o constant G of G,/3 is proposed to
0.00 Frrrrprrrr T be used to model shear response of
2 3 4 5 6 7 8 flexure-controlled walls.
| o .
V, /AN psi )

G
_% :%XOAEcE ~0.13E,,

Fig. 7-17-Effective shear modulus results from 64 wall tests. Geﬂ 3

(ACI 318-19) & Shloc wlwlp sloyd 2l

Expected Wall Dominant Behavior
have been approved for adoption in ACI 369-23 (for eventual inclusion into ASCE 41-23)
Q

A Q, Q,
Qe | en > Qe e d " Enl = Q,f ke by >
d"j > ! o — a’n! >
e d, ¥ e
dﬂr > <G /
.0|--- Y 1.0/---- o~
1.0 B C\'~ i . B C - .
Co Ss. F C'u ““‘-.
D E
= »\l Ic"': ad ! ° £l
;‘r or § ;: dor A

Flexure-controlled walls Diagonal shear-controlled walls Shear friction-controlled walls

n
P 210 = Flexure-controlled walls
a)v @M,

56



1/5/2022

14 nd <V, s —> Diagonal shear-controlled walls

y
——<1.0
a)vV@M o g
' V.a>V,, = Sliding shear-controlled walls
V,=Min{V,,V, |
V@ v - wall shear demand corresponding to the development of M
V. 4 - nominal diagonal shear strength according to ACI 318-19
Vn / +  nominal shear-friction strength according to ACI 318-19
@, . is the dynamic shear amplification due to higher mode effects per ACI 318-19

o, =O.9+’11—6 for n, <6
ACI 318-19 §18.10.3 {

o, =13+7<18  for n >6

Wall Flexural Failure Modes V,/oV ), 21.0

4 ENL Y \r \ \
4 5 i ; p s, j . y )

Bar buckling and concrete

Bar fracture Lateral instability

crushing (Thomsen and Wallace, 1995) (Thomsen and Wallace, 1995)
(Thomsen and Wallace, 1995)
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] ¢ i s Y
# t 2 ( .
/
——ﬂ— :

Diagonal tension Diagonal compression Shear-sliding
(Mestyanek, 1986) (Dabbagh, 2005) (Luna, 2015)
Via<V,, Via <V, Via >V,

Wall Flexural-Shear failure modes

Flexure-diagonal Flexure-diagonal .
. . Flexure-shear-sliding

tension compression Salonikios et al.. 1999

(Tran, 2012) (Oesterle et al., 1976) (Salonikios et al.,1999)
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s I

S—
30003 - -boooo oL AL
20003 - - - - — /)
10003 - -eebenee- i

03-
-10003 -
20003 -~
30003 - - 44 . _—
B B

Base Moment (kN-m)

Reported axial failure of a flexural-controlled wall test reported by Segura and Wallace (2018)

T

An example of backbone derivation

A
General yield

Base shear. V

Cracking

Peak

Ultimate

esidual

Collapse

0.8 Vpeak

A 4

Total Top Displacement

59



1/5/2022

Wall failure modes results from a dataset of 1000 wall tests: failure modes separated

. 3
~ q(a) Flexure-controlled £538 walls) ~4(b) Diagonal shear-controlled (237 walls)
] «* _.
w159 ol s 2 o 1.5
= n LJ t' @ 7 .
3 ] 2 g. ] y %
= 1 o Tl 1 ' )
3 3 . 3 ° 1 ]
~ s 0.5 =
3 I
G-li||||l11|||li]|||l;\\\\||lrl 0-||||;|||||l||||10|||\\\\|||||
0 1 2 3 4 5 6 0 1 2 3 4 5 6
2 — 2
9(c) Sliding shear-controlled (53 walls) 1(d) Flexure-shear-controlled (172 walls)
w159 157
= 1 ‘S -
SR 1 -
g3 .
= 054 0.5
0-IIII|IIII|IllI|IIll|\\\\,|l!II G-ll:||||li|||||]||||[\\\\|||ll
0 1 2 3 4 5 6 0 1 2 3 45 6

l':1 ‘.".‘/ V:_'u M

t')}'r"./l( ’(a-'Ml.;_-

Wall failure modes results from a dataset of 1000 wall tests: failure modes combined

2.0 B T B e com R '| T e [ T R ; T T :'\\.\.l' | R (oG M S
o* Mean of flexure-controlled ]
1 .5 ) F ] - \..."._ ]
V 1.0 235 o OO R
test @M, "7 | g e .

I e T |® Flexure-controlled

0!5 ' y _'\I.' 1 N i "
- .?,(' > o N . |® Flexure-shear-controlled
:-'j- :me M iused | Diagonal shear-controlled
17 instead of A, |© Sliding shear-controlled

00 LI T T | T T | T T 1 \ | T 1
0 1 4 5 6

2 3
VilVaw,
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6 --1-||Tr1||rr r11.1|!‘\'v1r11
1 * | ® Flexure-controlled 1
| ® Flexure-shear-controlled |-
2 o= | « |® Diagonal shear-controlledd
I ]
e Poe &° 20 © Sliding shear-controlled
L .
= 4
o«
L] .. L
P . i.. -
® o8 °
... .t ... . ]
fe st

" 'S *  Limit if M, is used instead of M,,

0 —

2 3 4 5 6
VilV aw,

(ACI 318-19) & Shoe wlwlp glojd 2l
Expected Wall Dominant Behavior
have been approved for adoption in ACI 369 (for eventual inclusion into ASCE 41-23)

ASCE 41-17

C10.7 CONCRETE STRUCTURAL WALLS
C10.7.1 Types of Concrete Structural Walls and Associated Components.

The commentary of ASCE 41-17 (C10.7.1) defines slender and squat walls as walls with aspect ratio:

h
Z—W >3.0 = Walls are normally controlled by flexural behavior (slender walls)

w

h
1.5< l_w <3.0 = Walls are normally controlled by flexural-shear behavior

w

Z_W <1.5 = Walls are normally controlled by shear behavior (short or squat walls)

w
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Shear behavior Flexural-shear behavior | Flexural behavior
S aspect Axial Load Axial Load
asp ?Ct X;%r Foél Wallfn : R[ Limit For FC asp;ct Limit For FC
ratio ratio wall ratio wall
, h,
KAV =P 5o o i ? B Gllaf ? P >0.35P, l“ >3.0 | P, >0.35F,
hw <1 5 L hw hw >
FEMA356 [==<1.5| P>0.154.f, 1.5<2-<3.0] P >0.35P, 1——3-0 P >0.35P,
ASCE41-06 ?—W<1.5 2 >0.15Agfc' 1‘5<?L<3,0 P >0.35P, 111 >3.0 | P >0.35P,
: h
ASCE41-13 ?L< 2 i s Jl’i <30 P >035P, IW ~3.0 | P >0.35P,
ASCE41-17 }Zl_w<1'5 E o 1.5<};‘4<3.0 P >0.35F, };—W>3.0 P >0.35F,

s o jo 04,5 wuad 4 ACT 369-23 Seoewdly Juolio Jowo 0 dilacod g Ol gk

A
0] < €, > V
Coe d, — T >10
dnl _ ~| a)VV@Mn
1.0 - === C \\\\
B h%
C,;l \\\\
D E
A Cnl )
Ah or g
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—] —> <35, 5,

V—>

[,
[ b E_f Hinge

a) Wall test b) Total displacemnet c¢) Plastic displacemnet ) Elastic (flexure + e) Hinge elastic flexural
shear) displacement displacement

Displacement profiles of flexure-controlled walls
Cawl Jy90 4 ACI369-23 5 ouds cugal Siadb Juate Joo YU IS 3ollas

0dgazme ;o |y (ol )l e KU poad + ol )] IS yuuss) Sl yg0 JSS pss IS a5
s a4l (1, /2) Saidly i

Table 10-19. Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—Reinforced Concrete
Structural Walls and Associated Components Controlled by Flexure

Acceptable Plastic

ASC E 4 1 - 1 7 Plastic Hinge Hinge Rotation?® (radians)

Rotation Residual

(radians) Strength Ratio Performance Level
Conditions a b c 10 LS CcP
i. Structural walls and wall segments
(As — AS)fye + P L{ Confined
e twlo/ foe Boundary®
<0.1 <4 Yes 0.015 0.020 0.75 0.005 0.015 0.020

Oygo 4 ASCE 41-17 o laslnl jo S Gies (s 52 SSLm)lﬁo Sy Joolas Jaw -
s lastiwl ol o b ga ile Jow sloyiel b g ojle a4 .aib o (Rigid-Plastic) RP
Q“’f-“ Sl Joo sl adlise (S p lojles Seidly fade o Sl ol jge e
b9y 3l Logae Etabs b SAP2000 158l 50 Swdly Jolio (25, & by slolo
s Juasl o) e (sl 2 Soadly bolie ot (ol 55 33 ool " Joleo "
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Dgd oo dale I8le 3 lawg (ladl dniie 5 Alas Jar  SGG Glatie 3,k
B Ghey & b Sl Ay 00 Ol | sy cnl 0 oy slabre polis

Q A 2,5 oolazul
Qy [ b
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A D E| L
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IS ) Slyge Sy IS a5 cl Jh90 4 ACT 369-23 0 ool cugal Sadly Juato Jow -Y
alsdiosgn MolS Jigy cplamo oo Bl1(1 /2) Seidly Jade 0dgame 10 1) (el JSCh puad + ol
il 00l dSl| 55 Do A g, ol eolaiwl LYo 0g wlgs 60 w5 jlaws g ool el
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Concrete Stress-Strain Curve

U6_CC Mander modified _|
==== U6 UC Mander modified

I
70 A———— 0.006993, 55.54

60 e 10 —
/_‘\.. : LS
50 \\ o =
40 / ———— 0.035016,30.24 |
\

1
30 H-& :
]
V| 0.0025,29.7
+
\
]

20
01089, 52
o s - DDTORS, 0.01452, 48.7 \
=T
~
0 = |

0 0.01 0.02 0.03 0.04 0.05

Compressive Stress, fc mpa)

Compressive Strain, £c (mm/mm)

(ACI 318-19) & Shloc wlwlp sloyd 2l

ASCE 41-17: Figure 10-4. Plastic Hinge Rotation in Shear Wall Where Flexure Domihrzlt“ezsA'
Inelastic Response

o ———

I

(Thomsen and Wallace, 1995-TW2)
Was' — L #

Vs
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&,
_ ﬂ UCA . . di’ll _
e C Pomnt:  —™—=¢,

p
ASCE 41-17 Bar Buckling Strain Limit

800 @C

x(c—-d )=
R R P 1)

¢nl ><(lw —C _dsl) = gsl@C S

~

B

L ASCE 41-17 Tensile Strain Limit

Do x(c)=¢, @IO

¢nl X (lw —C _dsl) = gsl@]O

Proposed modeling parameters and numerical acceptance criteria for
Conforming reinforced concrete structural walls (special detailing) and
associated components controlled by flexure

Conditions® Acceptance Criteria
. ' Performance Level
lw Cpr W vV mcurpe Overlapping d IO
b2 A_Jf ' hoops? used? nl
S cv cE
<10 <4 Yes 0.032
<10 >6 Yes 0.026
=10 <4 Yes 0.018
>70 > 6 Yes 0.014
<10 <4 No 0032 0,+01d,-0,)

<10 >0 No 0.026
- <4 No 0.012
270 >6 No 0.011
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Conditions® Acceptance Criteria
] N Performance Level
C ' v b b
= 2GE UD' C"l Cnl dnl enl LS CP
bs Agch
<10 <0.10 0.5 0.036 0.040
<10 >0.20 0.1 115 0.030 0.032 0.75%,, 0.85¢,
>70 <0.10 0.0 0.018 0.020
>70 > (.20 0.0 0.014 0.014

4 Qverlapping hoop definition shall be per ACI 318-19

b Parameters d n ,and e, shall not be taken smaller than parameterd ,, .

analyses procedures
de

The shear amplification factor @, need not be applied if V'

vcunpe 1S obtained from nonlinear

Linear interpolation between the values given in the table shall be permitted; however,

interpolation between the values Specified for conforming walls and Non-conforming walls

shall not be permitted

(ACI 318-19) & Shloc wlwlp sloyd 2l

UCLA-RCWalls database bl y iy sl ,lsr0 cnils s 30 CondsB 3 sign sl ol

e

&S 1, 8 Slool jo s9>ge slayel L Abdullah and Wallace (2019)
»y Jdodx b @lae auil 35,50 blas b caye cud,b o wilys e

:d..i‘oajf 6)9Ta)f

Correlation coefficients, R, for design parameters and wall drift capacity

Design A
parameter elb Lib Vol VL' | PIAL' A, s/dy, b | ProngBE | Proweb Lt Isell,” | el 1 elb®
Correlation =z s I
.L. ¢ —).66 .56 —(1.30 —0.08 0.13 —.02 —0.25 | -0.32 —.14 =0.07 0.06 —(0.32 |[|-0.68
coefficient, R

“Prower 15 web transverse reinforcement ratio; lzg/l, is length of confined boundary normalized by wall length.
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(b)Non-conforming walls
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