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Preliminaries

Audience may or may not have experience with:
» Performance Based Design (PBD)
» Time history (demand vs time) analysis
« Nonlinear analysis (static and dynamic)

Learning Objectives:

1. Name the two primary reference guidelines
presented for performance-based wind and seismic
design.

2. Summarize the differences between force and
deformation-controlled element actions.

3. ldentify the PBD structural analysis modeling
features that require special consideration.
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The Hierarchy of US Codes and Standards
« States adopt IBC edition with amendments

« Local jurisdiction amendments (e.g., the Seattle Building Code)

2024 1BC ASCE 7-22 ACl 318-19

ASCE STANDARD

ASCE/SEI An ACI Standard
7-22

Building Code Requirements

INTERNATIONA for Structural Concrete
BUILDING CO ’[' Minimum Design Loads and (ACI 318-19)
Associated Criteria for
Buildings and Other Structures

Commentary on

Building Code Requirements
for Structural Concrete

(ACI 318R-19)

Reported by ACI Committee 318

aciy Amerencegmie

ACI 318-19
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Why PBSD?
« Overcome height limits in ASCE 7 12.2-1
* Freedom in structural configuration: e.g., Dual System not required
« Enhanced and predictable performance

The Upfront Cost of Performance Based Design
« Additional engineering time
* Increased analytic computation and post-processing time
* Peerreview

Table 12.2-1. Design Coefficients and Factors for Seismic Force-Resisting Systems.

Structural System Limitations Including Structural
Height, h,, Limits (f)”

ASCE 7 Section Where Response Deflection ic Desion Cat
Detailing Requirements Modification Overstrength Amplification Sel
Are Specified Coefficient, R* Factor, " Factor, C,°

Seismic Force-Resisting System B c D* E* F'
A. BEARING WALL SYSTEMS
1. Special reinforced concrete shear walls®” 14.2 5 2% 5 NL NL 160 160 100
2. Reinforced concrete ductile coupled walls? 14.2 8 2% 8 NL NL 160 160 100
3. Ordinary reinforced concrete shear walls® 14.2 4 2% 4 NL NL NP NP NP

Rumor Has it: The SRCSW 160-foot height limit based on the height of a courthouse in Los Angeles.
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How is a PBS(D/W) permitted? Example from a project Basis of Design:

The design will utilize a performance-based procedure as allowed in Section 1604.4 of the IBC and
Section 12.2.1 of ASCE 7.

1604.4 Analysis: “Any system or method of construction to be used shall be based on a
rational analysis in accordance with well-established principles of mechanics. Such analysis
shall result in a system that provides a complete load path capable of transferring loads from
their point of origin to the load-resisting elements.”

12.2.1 Structural System Selection and Limitations: “...Seismic force-resisting systems
that are not contained in Table 12.2-1 are permitted if analytical and test data are submitted
that establish the dynamic characteristics and demonstrate the lateral force resistance and
energy dissipation capacity to be equivalent to the structural systems listed in Table 12.2-1 for
equivalent response modification coefficient, R, system overstrength coefficient, Q,, and
deflection amplification factor, C,, values.”

The design is also intended to meet the performance-based equivalence criteria of Section 104.11
of the IBC:

104.11 Alternative Materials, Design and Methods of Construction and Equipment:
“The provisions of this Code are not intended to prevent the installation of any material or to
prohibit any design or method of construction not specifically prescribed by this Code,
provided that any such alternative has been approved. Any alternative material, design, or
method of construction shall be approved where the building official finds the proposed design
is satisfactory and complies with the intent of the provisions of this Code, and that the material,
method, or work offered is, for the purpose intended, at least the equivalent of that prescribed
in this Code in quality, strength, effectiveness, fire resistance, durability, and safety.”
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Wind: F(t) e .-
Loading Mechanism . Response Determination
Static: F = kx
NB: A “Time History” [ | Dynamic
is the variation of | i Earthquake:  mii + cu + ku = —mil,

wind force or ground ik Wind: mii + cu + ku = F(t)

acceleration vs time.

,,,, Prescriptive (Code) Design Process

1\_»
1. Determine hazard and loading
2. Analyze structure for element force and
- global deformation demands
| 3. Size elements

4. Check seismic “drift” (deformation) per
story (*)

Design structural elements (size & detail)
Done

oW,

Earthquake: it (t) 4—}

Credit: Dreamstime.com

* No code prescriped wind deformation limits




Wind Load (kips)

Seismic vs Wind Design DESIMONE

. . . . . . 1
For prescriptive design, time history analysis - Acceleration Response Spectrum
IS rarely used 08
« Wind loads are applied as static loads 0.7
« Earthquake demands are determined s
using “modal response spectrum 8.
analysis” .
« PBSD and PBWD rely on time history o
. 0.1
analysis ;
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PBD in a Nutshell

A summary of PBD:

PBD is a methodology through which a building system is
explicitly modeled, analyzed, and evaluated to meet certain
performance requirements as specified by owners, end users,
and other stake holders.

Advantages:

« Explicitly defines and measures performance of tall buildings
for seismic and wind effects

» Results in consistency between seismic and wind design
and negate negative effects of wind design on seismic
performance

» Results in a cost-effective design for both wind and seismic

» Enhances reliability of buildings

« Accommodates architectural features

» Helps to advance wind design to get to resilience-based
design

Earthguake Hazard Levels

DESIMONE

Performance-Based
Structural Fire Design

Exemplar Designs
of Four Regionally
Diverse Bulldings
using ASCE 7-16,
Appendix E
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« Performance Based Design relies Performance Level
on diﬂ:erent eXpeCted performance Fully Operational Operational Life Safety Near Collapse
levels for different hazards. Frequent

(43 years)
» For example, the rare earthquake =
can be described as a 10% % Occasional
vr . Eh (72 years) %0
probability of exceedance in 50 = iy
years. & Rar &
. . . E (475 years)
« The “Rare” seismic event is the g
. . T t
one associated with prescriptive 3 (;if;'g;
seismic design (ASCE 7)

;;;;;;;;;;;;;;;;
|||||||||||||||||
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.................
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e PBD definition in general
* PBSD: Developed through extensive research over the last two decades (used in many projects)
* PBWOD: Just recently started (used in very few projects). PBWD started late and is behind.

Through
1995 2006s

PBSD
SEAOC Vision (1995); FEMA 273/274 (1997);
ATC 40 (1996) ASCE 41 (2006)
2013 2016 2018-2020
PBWD
Assessing feasibility and ASCE 7 ad hoc - Lab Testing by Abdullah
developing framework PBWD task group & Wallace (UCLA)

- 1stPBWD Prestandard
- Task Committee of ASCE
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??7?-based

Resilience-
based
(controlled
damage)

Risk-based

Performance-
based

prescriptive

Experience
based 15t Generation of PBSD Current Generation of

ATC-40  FEMA-273 ASCE-41

nnnn Beaabiatian

1996 1997 2006
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Deformation-controlled Force-controlled Additional Terminology
» An action allowed to exceed the « An action not allowed to + DCR: Demand to capacity ratio
expected yield deformation of exceed design strength of . L
elepment Y element. ? ? *  AHJ: Authority having jurisdiction
« Ductile behavior through proper Sufficient strength to avoid *  MWFRS: Main wind force resisting
detailing brittle behavior system
Erachire Brittle Ductile + MRI: Mean recurrence interval
DMO rce. ner: .
f RS S R «  MP: Modeling parameter
. e « AC: Acceptance criteria
2 S
Ef-i 2
‘} ?ﬁi'
AN
wv R S am
Source: Perez and Marfurt 2014 Chalk Paperclip

Strain Breaks without Bending Bends without Breaking
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» Hysteretic Energy Dissipation = Area inside demand-
deformation loop

 Desired in deformation-controlled elements

Lateral Load (kN)

—— Perform 3D

"180 rr1rrrr
-100 -50 0 50 100

Top Displacement (mm)

M M M
Reloading Envelope curve
stiffness _‘\)\r*
\
Unloading |
stiffness |
A I

r—-b | i r—
i / /
/ / /
/ ! | f
| /
0 / ; 7 ‘, !
Hysteresis f g ) / 0 ff /
loo / [ /
¥ / ! |
. - _E_D‘ /| _’I / Jﬂ / J"
‘ E

® k,=05 x,=03 x,=0.15

(a) Energy dissipation ratio «, (b) Hysteresis shapes varying with energy dissipation ratios



PBD Vocabhulary
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» For deformation-controlled elements, there are “Acceptance Criteria” (AC) for allowed inelastic

deformations (displacement, strain, rotation).
» AC depends on the performance objective

P

m Plastic shear
| | deformation
| 3| Flexural of coupling

. | plastic ” beams
- ;v hinges

2 Plastic Plastic
) . hingcs of hingcs of
Horizontal N ... shear walls shear walls
load R I
S e B0
e — Wall Shear _
e ' +
. -
y L___] ) Flexural y Y Shear
/ “hinges”

\ . .
\‘[-—.,L / hinges

—— -

Source: Yang Liu, Hai Chen, Zi-Xiong Guo & Hong-Song Hu (2020)

1.5Yield

Yield AC for seismic

Ductility, p
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Source: Abdullah et al.
(2020)
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Evolution of PBSD

« The 1st PBSD building in Seattle circa 1998 (1700 7t Ave)

« Lateral system is a Special Reinforced Concrete Shear Wall
(not a dual system)

* Analytical tools for nonlinear dynamic analysis of wall
structures were not readily available at the time (last century)

» Peer reviewer accepted an equivalent “stick” model

» \Vertical elements at wall CG location

* Used DRAIN 2DX

« Compiled in a DRAIN compatible Takeda element

« Used seven spectrum-compatible time-history pairs,

axial load and variable stiffness assumptions.

» Average response used to determine:

« Maximum wall shear

« Wall rotations -> verify wall confinement and strain
conditions

o Roof drift
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Evolution of PBSD
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SUPERSTRUCTURE

----- —2ND

SUBSTRUCTURE

Y
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Evolution of PBSD -

Phase 2

1.625m

Fiber modeling in SAP2000 =4

Static test by Adebar and
Ibrahim (2002)
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Fiber modeling in SAP200 10 L 1 R
Dynamic test by Aristizaba and Sozen (1976) D D - EVFLE:»EEEQE >
279
11 D B —— SHELL ELEMENTS
o Walls 25x178 mm | ||| /% PROPERTIES AND
i (1x7 in B 2o soorEo
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Results! 200 -
160 =i
)(/MT/’!-/
. Z 120 ]
Adebar and lbrahim (2002) = <
()]
o A
S 80 p
40 — Calculated ||
2 Measured (-)
= Measured (+)
0 |
0 40 80 120 160 200
Displacement (mm)
60

Model 4: KINEMATIC (0.2B,0.3W)

Aristizaba and Sozen (1976) >

-60 |

1. Lepage, A., Neuman, S. L., and Dragovich, J. J. (2006). “Practical Modeling for Nonlinear Seismic Response of RC Wall Structures,” Proceedings of the 8th
U.S. National Conference on Earthquake Engineering.



The PBSD Framework

« Whatis presented is “West Coast USA Grown”

« ASCE 7 12.2.1.1 “Alternative Structural Systems” gives an out ;‘“iz
i Why PBS D? Minimum Design Loads and

» Overcome height limits in ASCE 7
* Dual System not required

» Speed of construction

« The Upfront Cost of Performance Based Design
« Additional engineering time
* Increased analytic computation and post-processing
time
» Peerreview
« The Down Stream Benefits of Performance Based Design = _
« Enhanced and predictable performance and Retroitor
«  Freedom in structural configuration i i
« What follows is Los Angeles Tall Building Structural Design

Council 2023 “An Alternative Procedure for Seismic Analysis
and Design of Tall Buildings”

DESIMONE
L

AN ALTERNATIVE PROCEDURE FOR

SEISMIC ANALYSIS AND DESIGN OF
TALL BUILDINGS

Guidelines for
Performance-
Based Seismic
Design of

Tall Buildings




Structual Design in a PBSD Framework

The LATBSDC Approach

Table 1. Summary of Basic Requirements

DESIMONE

Design / Ground Type of Type of Accidental Material Material Strength
Evaluation Motion Analysis | Mathematical Torsion Reduction
Step Intensity' Model Considered? | Factors ($)
1 Nonlinear Behavior Defined / Capacity Design
LDP? or .
2 / 4 aluate .
2 50/30 NDP? D Evaluated 1.0
Yes, if Expected properties
flagged . are used throughout
3 MCEx* NDP 3D* during Step 2. | Se¢ Section
0
No,
otherwise.

Step 1: Capacity based design. Often required that structure be designed per ASCE 7/ for 10/50

Step 2: Evaluate serviceable behavior (Frequent Earthquake Ground Motions). The purpose of this
evaluation is to validate that the building’s structural and nonstructural components retain their general

functionality during and after such an event.

Step 3: Demonstrate a low probability of collapse (MCER).



The PBSD Framework DESIMONE

Seismic analysis and design of the building shall be performed in three steps with the intent to

provide a building with the following characteristics:

(1) The building has a well-defined inelastic behavior where nonlinear actions
and members are clearly defined, and all other members are designed to be

stronger than the demand imposed by elements designed to experience

nonlinear behaviorI(Capacity Design Approach).l

(2) The building’s structural and nonstructural systems and components remain

serviceable when subjected td service level earthquake (SLEi defined as an

event with a probability of exceedance of 50% in 30 years.

(3) The building has a low probability of collapse during an extremely rare event
(on the order of 10% or less, given|MCER shaking)fand the likelihood of being

repairable after such event.




The PBSD Framework

For Reinforced Concrete structures, different effective stiffness values need to be modeled

DESIMONE

Service-Level Earthquake (SLE) Design Earthquake (DE) MCE
Component Linear Models Linear Models Nonlinear Models
Axial Flexural Shear Axial Flexural Shear Axial Flexural Shear
Structural walls' (in- 1.0E: 4, or
lane) 075 B 0.75Edy | 1.0GeAq | 1.0EcA, 0.5-0.6E.1 0.75G.Aqs |1.0E.A4 0.35E.1, 0.5GeAq
Structural walls (out-of- - 025Ed; | 1.0GuAg 0.25E.]; - 0.25El; 1.0GeAx
plane)
Basement walls 1.0E.A, 1.0, 1.0G.A; | 1.0EcAg 0.9E.1, 0.75G.As |1.0EcAq 0.8E.1, 0.5G.Aqy
(in-plane)
Eliiee';lem walls (out-of- - 0.25E.1, 1.0G.Aq 0.25E.], 1.0GA, | - 0.25E.1, 1.0G.Aq
Coupling beams with or (f) (f) P
without diagonal 1.0E:Ag 0.07 h Ecly 1.0GeAs | 1.0E:Ag 0.07 h Ecly 1.0GAg [1.0E:A40.07 (—) Ely; <03E. 1.0GAg
reinforcement < 03E.l, < 03E., h
(4 4

Coupling beams with 0.07 (—) E;l 0.07 (—) E.l ¢

S 1.0EcA; 7)Ecls | 1.0GuA, |1.0E.A4, p) Eela 1.0Geds [1.0E:AJ0.07 (_) EL <03E.1 |1.0GAs
steel-fiber reinforcement < 0.3E,I, < 03E,1, n) e clg

; o 4 4 4 1.0GsAwe

Steel Coupling Beams” L.OEsAs  |0.07 (E) (ED¢y 41.0GsAves| 1.0E54s | 0.07 (H) (EDgy 5 | LOGsAwes (1LOE:AS  0.07 (E) (ED)¢y 1 g
Nen T diaphragmsin- | om0 0.5Edy | 1.0GeAg |0.5EcA, 0.5El, L0y |Vbe 0.25E.1; L3550
plane) Ag E
PT diaphragms (in-plane) | - g 4 0.8E.], 1.0GeAg |0.8E.Ag 0.8E.I, 1.0Geds [0.5EcAq 0.5E.l, 0.5GAg
Slab-Beam (out-of plane) 1.0E:Ag g 1.0G:A; | 1.0E:Ag ki 1.0Gedg |1.0E.Ag kil 1.0GeAg
Beams 1.0E:A, 0.5E] 1.0GoA, | 1.0E-A, 0.3E], 1.0GeAy |1.0EAqQ 0.3E.], 1.0GoAs
Columns 1.0EcA, 0.7E:L, 1.0G:Ag | 1.0E:Ag 0.7EcL, 1.0Gedg |1.0EcAg 0.7EcLs 1.0GAg
Mat (in-plane) 0.8E.A, 0.8E.] 1.0GcAg |0.5E.Aq 0.5E.], 1.0GeA; 10.5E.AqQ 0.5E.I, 1.0GAq
Mat* (out-of-plane) 0.8E.I 1.0GeAx 0.5E.L 1.0GeAs | - 0.5E.L 1.0GeAe




The PBSD Framework (MCE)

 For MCE evaluation, elements in the structure are identified as either Force

Controlled or (inelastic) Deformation controlled.

Deformation Controlled

DESIMONE

Force Controlled

Engineering Demand Acceptance
Item il
Parameter Limit
(?(_)n_crete compression | 0.001/1
strain over gage length
No confinement ’ ;
Steel tension strain over
gage length ' 2eyl.
Reinforced . -
Intermediate confinement per Concrete compression
concrete walls s 1 0.003/1.
. ACI318-19 18.10.6.5 strain over gage length
(outside of - -
. ) Steel tension strain over
primary hinge 1 0.01/1.
zone) cage length
Full confinement per ACI 318-19 | Concrete compression 0.005/1,
18.10.6.4 except provisions of strain over gage length ' (0.01/, %)
Section 18.10.6.4(i) need not be | Steel tension strain over 0.01/1.
satisfied 2 gage length' (0.05/1. %)
Reinforced - . . Concrete compression 0.005/1,
Full confinement of the entire . 1 3
concrete walls . strain over gage length (0.01/2.%)
. . cross section per ACI 318-19 . ; -
(primary hinge 18.10.6.4 2 Steel tension strain over 0.01/1.
zone) U gage length ' (0.05/. )
Conventionally-reinforced * Total chord rotation 0.04/1.
. Diagonally-reinforced * Total chord rotation 0.06/1.
Coupling beams [— - < -
Fiber-reinforced ° Total chord rotation 0.04/1.
Steel-reinforced Total chord rotation 0.06/1.
At wall end ® Total rotation 0.05/1,
At column end 7, with shear .
. reinforcement, vuy/(vetvs) € 0.7 Total rotation 0.05/%
Slab outrigger 7y 1\ mn end 7, with shear - .
beams T'otal rotation 0.03/1.

reinforcement, vu/(vetvs) > 0.7

At column end, without shear
reinforcement

Total rotation

refer to ACI
318-19 18.14.5

Category
Component Seismic Action
Critical Ordinary
Below Grade Perimeter Retaining Moment X
Walls Shear X
Below Grade Non-Perimeter / Non- Shear x
Core Walls
Core Walls Above and Below Grade Shear x
and All Above Grade Walls
Axial X
Diaphragms with Major Shear Flexure s
Transfer
Shear X
Coupling beams without special
diagonal reinforcing including steel- Shear X
fiber reinforced coupling beams”
Typical (non-transfer slab) Diaphragm Axial X
Forces (excludes collectors and shear Flexure X
3} or to verti
£ transfer to vertical element) Shear X
=
] Compression X
& | All Drag (Collector) Members -
& Tension X
°
@ Bearing X
2 | Vertical Element-to-Diaphragm — - g
£ | Connection Shear T ransfer (Shear x
i Friction)
2 .
= Gravity Columns and Special Moment Axial X
Frames (Columns, Beam-Column . X
joints) excluding, Intentional Shear
Outrigger Columns, & Columns
Supporting Discontinuous Vertical
Elements) Flexure (in P-M) ok Frx
Special Moment Frame Beams Shear X
Intentional Qutrigger Columns & Axdal X
Columns Supporting Discontinuous Shear X
o o1 g ¥ ke e
Vertical Elements Flexure (in P-M) X
Flexure X
Transfer Girders**#*
Shear X
Strut and Tie in strut and tie Compression X
formulation Tension X




The PBSD Framework DESIMONE
. © ® c

© S

- MCE evaluations are typically o -
evaluated for the mean response of ... Trmee ‘ | ™
11 ground motion pairs. R R 4
- . = . 50 mom o, ran T
» In addition to force and deformation- . FRil L L
. . © o FLoon w L
controlled element evaluation, there ... %M e | i
are global drift evaluations: . 1@ 7 R %
« Transient drift (during ground ... ﬂ; e g
motion) . | A s
« Residual drift (at end of - N BIE TR TS
ground motion) 1 PSP it N O B I e
» Three types of inelastic elements LA = i ; L
« Wall membrane sections e O AL g e et
« Coupling beams e T tﬁ | o e
 Slab outriggers L i e DR S 2
« The nonlinear analysis for MCE is e ©H1 0 T QIO 2 Qe i v—ﬁﬁjﬁ il }% a5
: ' ' v / O N W e 1T FLOR | AL ALy ' ‘\
computationally intensive e 2o S %1
weene . o8 /o (e olgs ow ] 7o !
G N A o 7*’\f; ,_"@




Nonlinear Element Definitions DESIMONE

Coupling Beams

Shear-hinge model preferred due to %2 the number of nonlinear DOF’s
Hinge behavior is rigid-plastic

Total chord rotation is used as the Engineering Demand Parameter (EDP) = plastic hinge rotation +
elastic element deformation

Zero Length Nonlinear
Shear-Displacement ™
Hinge

Zero Length Nonlinear
Moment-Rotation Hinge

Elastic Element

[ Elastic Element

(b) Shear-hinge model.

B291HA(VH-02.A)

B29TH5(VH-02-A)




Nonlinear Element Definitions

Coupling Beams

 ETABS example shown below
» Parameters based on calibration with experimental data

DESIMONE

.
EDefine Frame/Wall Hinge Properties

Defined Hinge Props

Click to:

Add Copy of Property...

Modify/Show Property...

[ Delete Property

(] Show Hinge Details
[] Show Generated Props

Cancel

~

EHinge Property Data for VH-01-A - Shear V2

Di Control Par s

Force/SF Disp/SF
-0.2 -0.11
-02 -0.06

-1.1

Scaling for Force and Disp
() Use Yield Force Force SF
(0 use Yield Disp Disp SF
(Steel Objects Only)
Acceptance Criteria (Plastic Disp/SF)

- Immediate Occupancy
I Life safety
Il colapse Prevention

[C) Show Acceptance Criteria on Plot

Positive
2980
5000

0.003
0.012

0.015

@ Symmetric

Additional Backbone Curve Points
() BC - Between Points B and C
[ cD - Between Points C and D

Type
© Force - Displacement

—

(O Stress - Strain

Relative

Load Carrying Capacity Beyond Point E
(O Drops To Zero
© Is Extrapolated

Hysteresis Type and Parameters
Hysteresis Pivot v
Qa1 20
a: 20
B 0.35
B2 0.35
n 0.1

Cancel




Nonlinear Element Definitions DESIMONE

Wall Sections

« Modeling options for Perform3D,
OpenSees, and CSI ETABS/SAP2000

617
« Uniaxial material properties for concrete e O
and steel are specified for vertical
nonlinearity (expected properties) N,
. . . a) MVLEM_3D 85 135, b) In-plane behavior: ¢) Out-of-plane behavsor:
« Elastic shear and plate bending behavior Elemeent RO Kirchhoffplate
OpenSees

e ———
P ~.

StGEl '!r"'"\ ‘6 S 70 2] T ,0 2] ," \\

fibers \edile® )l 0. LI e (o))
Concrete [d :

- ] L ] ® .H
fibers ; !

ETABS/SAP Perform3D




Nonlinear Element Definitions

Wall Sections

« Concrete material uniaxial properties
depend on level of confinement per
ACIl 318 Chapter 18:

* Unconfined (web)
* Intermediate (rho > 400/
« Full

* Razvi or similar material property
model is typically used

. .
90410 VERT —{ o .
\ o D

|
.
- 3
.

/ #1@12 0.C.EF

7! 4 ! 3 3 g
gl I 1 &
< I Vi B 2
ol S c c -
|
22#10 VERT
35 110" 4

#5 HOOPS@4 1/2" 0.C. (TYP)

#5 CROSSTIES@4 1/2" 0.C. (TYP)

Concrete Compressive Stress (ksi)

DESIMONE

Sample Non-Linear Concrete Material

Razvi
Linearized Approximation for Concrete Properties

24 in. wall ; f'c = 8 ksi ; f'co = 10.4 ksi

18 +
Full Confine Int Confine Unconfined
E 6183 6183 4183
16 + FY 1034 9.19 8.3
FU 12.93 11.49 10.40
14 DU 0.0034 0.0025 0.0023
DX 00161 0.00 000
0.0034, 12,/‘3{@.-{93038' b DL 0.0038 0.0032 0.0024
/“” = DR 0.015 0.0041 0.004
Z | FR/FU 0650 0.800 0.000
p

Ts—__ 0.01500,8.4
Fully Confined
Strain Limit: 0.015

— — = Unconfined

ss==Qe=== |nconfined - Non-Linear Approximation

Int Confinement: Vertical bar @ 16 in spcg +
Ties = #6 @ 8 in (vert spcg)

/ : Intermediate Confined
j : Strain Limit: 0.0041
0 0 - I ’ | | : : |

0.0000 0.0020 0.0040 0.0060 0.0080 0.0100 0.0120 0.0140 0.0160

Compressive Strain (in/in)



Nonlinear Element Definitions

Slab Outriggers

Be Aware:

Slab outriggers approximate the plate bending behavior of the floor
due to lateral system horizontal deformation

Plastic hinges are located at wall and column faces with adjusted
strength to account for gravity moment pre-loading effect

Used to account for seismic force demands induced in gravity
columns, and slab hinge plastic deformations

B :
] _
I [ |

a)

Floor plan

~

o —

DESIMONE

b) Model

_1 L Effective Stiffness B1 Effective Suffness B2
/ . Figure C-2. Schematic of the slab model.
Moment Equivalent
. = ¥ q‘,_
i hinges B slab-beam Slab-beam element —
o g |
.= R ¥ column
4 IE Y
g \
" 'I I' .. t
. \ I
Gravit . Bi
v Equivalent ! I “’ _
column = '
-.\/ I column - G ANNNRAN
<D
i Minor “’{ = =
=% coliumn ¢ AR
shifting [ os, | o5, |
. & - | | |

Figure C-3. Application of effective width model to core wall.



Component Model Calibration and Validation DESIMONE

* Modeling parameters for coupling
beams and walls is based on a
calibratipn study across the following H M
applications: Il wdl
« ETABS
* Perform3D
*  OpenSees

CALIBRATION OF ANALYTICAL MODELS FOR REINFORCED CONCRETE
COUPLING BEAMS AND WALLS USING EXPERIMENTAL DATA TO SUPPORT

PERFORMANCE-BASED DESIGN
Element PBWD PBSD

J. Dragovich', S. Abdullah?, K. Kolozvari® & A. Lepage*

Wall \/ \/

Diagonally Reinforced 'DeSimone Consulting Engineering, New York, USA, jeff.dragovich@de-simone.com

Coupling Beam 2University of Sulaimani, Kurdistan Region, Iraq

3 California State University, Fullerton, USA
Conventionally Reinforced

. 4 The University of Kansas, Lawrence, USA
Coupling Beam

Steel Reinforced Coupling
Beam

NEYA
NIENIEN RN

Steel Fiber Reinforced
Coupling Beam




Component Model Calibration and Validation

Coupling Beams

Lateral Load (kN)

i(a)
7004 -~k
CoT s e
-
3504 ---+
3 — Perform 3D
-7003 I <7 — V@Mne
] . = t |—Vn
-1050 lll|illIlillll;llll|llll|llll

-0.12 -0.08 -0.04 0

Chord Rotation

0.04 0.08 0.12

Lateral Load (kN)

1050

Lol

700

[y w
(v W
o (=] (=]
Jaaas ]l

:

M~ " — Test
' | — CSIETABS
T — V@Mne
Vn

-1050

-0.12 -0.08 -0.04 0 0.04 0.08 0.12

Il L 1 L
LI I O B

Chord Rotation

Lateral Load (kN)
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1050

1@+ + o 0

3 I 1 I 1
700 --- b e
350 -—-r——~¥

03---
3503 ---*

3 — OpenSees
—700?---:- ~ 1 — V@Mne
7 1 | ! — Vn
-1050 [[Ilillllilllli[[lll||III|IIII

-0.12 -0.08 -0.04 0

0.04 0.08 0.12
Chord Rotation

Figure 4. Load-rotation response comparison for conventionally reinforced coupling beam CB1 (ln/h = 2.5)
(1 kN = 0.2248 Kips).

Lateral Load (kN)

MOt 7 T T T
E(a) 1 1 I 1 1
1050F --- ;
700F ---+---t---
3503 ---r---t---
0F--

3503 - -+ - do=cd=-oo
E : — Test
=100 ===r=- — Perform 3D
-10503——— L - - — V@Mne
E 1 1 I - Vn
-1400 Illlrllllrllll?ll L 1

-0.12 -0.08 -0.04 0
Chord Rotation

0.04 0.08 0.12

Lateral Load (kN)

T L
1052 = ~dosisia s § :
3503 ---r---r--- @ AL -1
3503 - - -+ - : S . (-

E : | : — Test
'700_:'"_|r” T7 77— CSIETABS
-1050F—"———=— - - — V@Mrne

E 1 1 1 Vn
1400 ST

-0.12 -0.08 -0.04 0 0.04 0.08 0.12

TTTTr[rrorr

Chord Rotation

1400_.‘7““r‘A’T‘A‘T‘f‘“T‘f“"I'—f‘
E(C) [ 1 1 1 1
10503 -~ - e
7003 ---r---+---s WP - - - - - -
3503 ---r---
' -
3503 - -+ -
”700_; _______ —— OpenSees
-1050F————== 1 - - . — V@Mne
E [ i : — Vn
-1400 llllrir!l?lll|1’lll|IIlI|IIIl
-0.12 -0.08 -0.04 0 0.04 0.08 0.12
Chord Rotation

Figure 5. Load-rotation response comparison for conventionally reinforced coupling beam CB2 (I/h = 3.67)
(1 kN = 0.2248 kips).



Example MCE Analysis Flowchart DESIMONE

[ Site Specific Spectra |
@ 0.85 scale : Coupling Beam Stregnth Design

|
1
|
Use ETABS Ci inati +5pi i Coupling beam nonlinear model }
Group coupling beam designs, allow for MCE (shear hinge) |
|
|
|

1.2 DCR max and redistribute

Wall vertical nonlinearl fibers
using vertical rebar from design and

Section Cuts
Group Definitions, :
Section Cut A ETABS (Code EQ) Model Analysis A <~ ==  &——-———--——-————— oo oo mm e e it e
Centroids, Section /*/ Mega Column Outriggers Inelastic Hinge
cut definitions (if needed)
(nodes below Gravity loads
elements selected) 1. Point loads at columns (D, L) ~
________ L S — 2. Trib loads to each wall section cut.
} 1 Adjust line loading so there is not net
{ ! Mx, My gravity loading on core
| Load Combiner )
I | Access/sQlL 1
} Needs LC: [D, L, RSAX, RSAY, Fx, Fy, I
| | Fx#5%, Fy+5%) :
| | This is for coupled Wall section cuts ||
i‘ : Lumped Floor Mass ETABS Nolinear MCE Model
I Lumped floor mass at i deling Considerati
i | P Reduced geometry (symmetry) 1 Runtimelll
} 1 2.5% damping 2. Fiber types (layered shell vs vert axial frame
! 3. Gravity load application could yield horizontal
| 1
1 PMM Design of wall sections | elements due to varying vertical element stiffness
} Including BZ length checks 1 (non-staged construction) — potentially a non-issue
| | spColumn analysis via Excel : but evaluate it.
! |
! 1
! 1
! 1
! 1
J 1
“ |
1
I
|
I
|

BZ lengths (confined) and web Execute Nonlinear Analysis
{unconfined)
R | Potentially will take a significant amount of time
Obtain Ground Motions Ground Motions
1. 11 x,y time history pairs 1. Trim as much as possible.

2. Verify response spectra.

Deformation Controlled Element Checks ‘GLOBAL RESPONSE QUANTITIES Force Controlled Element Checks
1. Wall vertical strain checks (concrete 1. MCE seismic base shear 1. Wall shear using LATB phi*Vn
fibers and steel fibers) 2. Hinge locations 2. Mega Columns
2. Coupling beam rotations 3. Foundation demand envelope 3. Belt truss vertical elements??2??7??
3. Belt truss diagonal????? If so what 3. Wall shear 4. Tower coupling truss around BRB
detailing requirements? 5. Foundation demands
4. Tower coupling truss BRB's if used 6. Core outrigger beams outside of fuse
5. Core outrigger fuse at face of mega (M33,v22)
columns? If so what detailing requirements?
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History of Prescriptive Wind Loading DESIMONE

" BULDNGSTANDARDS. |
UNIFORM

BUILDING CODE
1927 Edition

International Conference

o
Bui Officials

1927 1972 1982 1985 1988 1995
<+t :
First UBC Wind loading ANSI A58.1-1982: First edition of ASCE 7 ASCE 7: ultimate wind-
included first generally Replaced the three MRI's with no adjustments speed maps for different
seismic governed by with one wind speed map to ANSI A58.1 risk categories directly
provisions in a local with importance factors to (300-, 700-, and 1,700-
non-mandatory authorities. approximate the 300-, 700- year MRI’s).
appendix Single , and 1700-year MRI's
pressure v
distribution . .
_ . Provided the first ASCE assumes ASCE 7: Significant revisions to
/?cl)“l:albﬁibs?i.cl bla‘js/e fj wind loading usin responsibility for the wind loading criteria. Basic
P three Mean Recurrance Inte?vals 9 publishing ANSI wind speed changed from
(MRI) A58.1 fastest mile to 3-second gust




History of Wind Engineering — Wind Tunnel Studies

Phot h of a Building in Miami (CPP,
Source: skyscraper.org oc?r p ’ orabui ’ ’ iami ( A)

= Z Wi

Source: cppwind.com

1960s Through 1970s Since 1970s

DESIMONE

ASCE Marushs od Reparts on Engineering Practice N 67

Wind Tunnel Studies
of Buildings and
Structures

AMERICAN SOCIETY OF CIVIL ENGINEERS

1980’s

Introduced WTSs were generally Have helped designers to
(World Trade Center limited to “special” or very improve designs through more
Towers first considered tall structures accurate knowledge of wind
WTS) loads and how building
responds to wind loads.

Wind Tunnel Studies of
Buildings and
Structures (ASCE
Manuals and Reports
on Engineering Practice
No. 67)




PBWD Documents

—

Prestandard for
Performance-Based
—— Wind Design —

American Society of Civil Engincers

DESIGH AMD
PERFORMAMNCE OF

TALL BUILDINGS

ST PR LS
SAMDELFORTS OH
EHGINODERG FRACTICE

2020

Prestandard for
Performance-Based

——Wind Desigh—

Vi1

American Society of Civil Engineers

| P
ASCE oY soninrss --

2023

Prestandard was supported by ASCE/SEI, the Charles Pankow Foundation,
ACI Foundation, AISC, MKA Foundation, and FEMA.

DESIMONE

ACI 318-25

Building Code Requirements
for Structural Concrete

(ACI 318-25)

Commentary on

Building Code Requirements
for Structural Concrete

(ACI 318R-25)

QCLY AmwiomCongro e

2025



PBWD Procedure
Performance Based Wind Design (PBWD)

DESIMONE

SATISFIED

ACCEPTABLE DESIGN IS COMPLETE WHEN CCCUPANT COMFORT,
OPERATIONAL, AND CONTINUOUS OCCUPANCY EVALUATIONS ARE

SATISFIED.

OCCUPANT OPERATIONAL CONTINUOUS
PERPORMANGE PERFORMANCE PERFORMANCE
OBJECTIVES CTWES OBJECTIVES
N J J v _J
START. 4 W
DESIGN METHOD 1 /on\ METHOD 2 & METHOD 3
CHAPTER l( X \b
2STEPS | [1INEAR ELASTIC LINEAR ELASTIC | TR
EVALUATION EVALUATION LINEAR ELASTIC (e ONLNEARTHE . _
] F PESRONSE TME AMINIMUM OF THE TEN
ARE THE CHAPTER ARE THE
S |"7sEcTioN741 | & | GHAPTER? 2 ARPENDIX A
% wgﬂmﬁ E SECTION 74§ § ‘L )
ACCEPTANC ARE THE CHAPTER 7
€ |  SATISFIED? = CRITERIA a "ARE MATERIAL SECTION7.4.3
SATISFIED? 8 INDUSTRY ACCEPTANCE
@ DESIGN CRITERIA SATISFIED?
= STANDARDS
NO W \ ' SATISFIED?
'OPERATIONAL NG )?\ YES
EVALUATION Y/
OCCUPANT
Kt M !
s e T | [ mgne
OF TWO MOST RELIABILITY ASSESSMENT PER
CRITICAL ASSESSMENT PER CHAPTER 7 SECTIONS
OVERTURNING WIND CHAPTER 7 SECTIONS 7448745
5 DESIGN SCENARIOS 7448&745 APPENDIX C
2 ]
& [ ARE THE CHAPTER7 | =
v} SECTION 7.4.3 8
a ACCEPTANCE 0
§ CRITERIA SATISFIED? IS THE CHAPTER 7 g
: CRITERIA SATISFIED? | I
T NO )‘5 YES VY < YES . NG T
' V4 EVALUATION N



PBWD Analysis Example DESIMONE

Performance Based Wind Design

Level 17 Fx Wind Time History
NORTH

0° wind
20°
270°
180°

pym—
13 o 100 &0 200 1200 1500 1800 nw 2200 el 2000 3100

Y,y
!y s Level 17 Fy Wind Time History

- o
\ 25
W
M, (1)
F.(t) 2 M, :

b, &= o 0 00 200 1200 1500 8@ 200 2400 nw 3000 3100

X up N
x L]
- ,X.—,- . Level 17 Mz Wind Time History
600
00
T 0o
[ o
[] R, —_— 200
<0
i
—_— __— — —
il 3600

F.(t)
- . . .
Wind Time History Loading (3) Time Histories / Floor




Lateral load or cord rotation

PBWD Analysis Example

Calibration of Computer Models against Experimental Results

« “Experimental Study of Concrete Coupling Beams Subject to
Wind and Seismic Loading Protocols,” UCLA Report SEERL

2020/01 May 2020.

» Load protocol consisted of 2162 cycles

« Based on a building with 6s period (50-60 story ) ~ 3.5 hr

storm

@0.15

500 Cycles 500 Cycles 75 Cycles
My, @0.40M),.  @0.75M),.

5 Cycles 2 Cycles

Symmetrical ramp-down

N
7K ’T\ "
'

ol

@12, @15,

LT FYTTI

il

'
N
<

iVVVVVVVVVVV

Y

Force-controlled

Displacennent—controlled,

&
K

Force-controlled

Number of cycles

rotation

rd

Lateral load or co

d or cord ro

Lateral loa

rotation

rd

Lateral load or co

DESIMONE

250 Cycles 500 Cycles 75 Cycles 20 Cycles 10 Cycles
@0.15M,, @0A0M,, @0.75M,, @126, @156 Symmetrical ramp-down

T
L 11

Force-controlled ' Displaceménl-chntrolled ~ Force-contr ll d

T T T T T
0 850 1700
Number of cycles

(a) Alternative wind loading protocol #1: More yielding cycles

500 Cycles 500 Cycles 75 Cycles
@0.15My, @040M,, @0, 75M,,

5 Cycles 2 Cycles

(/1 26, (/1 56» Symmetrical ramp-down

T T T T
0 1081

@ @ @ @
-2 [0.150,,. 040w 075\4 12Cys@1 3 5\075\4 10.40,, OISM

2162
Number of cycles

(b) Alternative wind loading protocol #2: Non-zero mean

333 Cys 250c scy Is Cys@12) 37 Cys 250Ly 5333 Ly

Symmetrical ramp-down and ramp-down

-controlled |

Force-controlled Disp.-cont; Force
T T T T
0 1081.5
Number of cycles
(c) Alternative wind loading protocol #3: Two ramp-up and ramp-downs




PBWD Analysis Example

Calibration of Computer Models against Experimental Results

DESIMONE

Shear Force (kips)

DeSimone Calibration: ETABS Shear-Displacement Hinge

Model, Beam Span/Depth = 2.5

Currently in the processing of developing a NLTHA model

-200
Displacement (in.)

Shear Force (kips)

200
150

100 /
50 /

0.5 &5 0 0.5

100
-150

-200
Displacement (in.)

427 40" 407

L] )
#3@2"

A <—

#3@3-1/3"

Shear Force (kips)

-1 -0.5

200
50

100

5
;160
//-150

-200
Displacement (in.)



PBWD Analysis Example

Example Linear Time History Analysis
o Structure “512B”
« &3 stories, 1000 ft

» (Concrete shear walls, coupling beams
and outriggers

« /00-year MRI wind speed V = 166 mph
[74 m/s

« 3x Time Histories/floor per wind direction
= 249 separate time histories

e (4) critical wind directions = 996
separate time histories

» DCE developed software for management

f‘
v
, Z

Nt

40
0 15 30
31-\%\\\\\\\\\\\\‘\\\““""] '"Hfﬂ-’.’ﬂl’///// 7 45
W %
S\ My, 60
S %
315 2
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300S | 2
= 2%
E ] =
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= 1{ 105
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PBWD Analysis Example

Effect of Assumed Damping

M, (1000*kip-ft)

—e— Static Wind Tunnel - ETABS 110° Wind
—s— ASCE7-16 210° Wind
40° Wind 280° Wind
Mjx (1000*kN-m)
-200000 -100000 0 100000 200000
12000 1 |‘ I I T N | ‘I [ T T | .I [ | .
E 3% M?dal Damping i 110° ! ;_1 50000
8000:*****‘*** e e el
N " - = s 2100 5-100000
40007~ -4 50000
04 - --Fo
_4000_:_ I ‘. ______ :--50000
- | i F-100000
-.8000: - J‘ .\ I . :
] | | I E-150000
‘12000 LI i L L L L i L L i LI §

-10000 0
Base My (1000*kip-ft)

10000

My (1000+kN-m)

My (1000*kip-ft)
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—s— Static Wind Tunnel - ETABS 110° Wind
—e— ASCE7-16 210° Wind
40° Wind 280° Wind
Mx (1000*kN-m)
-200000 -100000 0 100000 200000
12000 | |: I I T | ‘I [ T T | ‘I [ | 4
: 2% M9d31 Damping | 110° | ;_150000
8000—:****; **** - o =l ---F
:400 s T Y, 2100:—100000 .
4000~ 3 ~ E50000 2
] - X
0—_* £ -0 8
i C =,
_4000_: _____ o :‘-50000 Eh
g | 1 = -100000
-8000: ——————————— i Ny o S -
. | | F--150000
'12000 LI i L L L i rTrrrririri i LI B

-10000 0
Base My (1000*kip-ft)

10000



PBWD Analysis Example

40° Wind Dynamic Response Animation

—e— Static Wind Tunnel 210° Wind — 40° Wind
280° Wind — 110° Wind

M (1000*kN-m)
2200000 -100000 O 100000 200000

12000 | I T N N N RN NN N A RN TR N A N R N | 2
] = 150000
8000 :
; = 100000
g, w007 = 50000
pe: . =
* 3 =
S 0O £
= ] =
e i C-50000
2 -4000- n
2 ] C
- —_-100000
-800(): : E
0 : - -150000
'12000 LI i L L L L L i rrrririri i LI B

-10000 0 10000
Base My (1000*kip-ft)

M, (1000*kN-m)
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i
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5. SEI PBD Workshop March 4-5, 2025




SEI PBD Workshop DESIMONE

STRUCTURAL
ENGINEERING
INSTITUTE

GOAL and OUTCOME: SE| Performance-Based Design PBD Categories
Committee Leadership is to develop and execute a workshop -
to consider, examine, and set the direction for the profession Building Seismic
in the use of performance-based design .sto./ndards that will Building Wind
advance beyond our present-day prescriptive procedures.

Building Fire
The outcome of the Workshop will be a Roadmap report to
set the direction for SEl, and other ASCE Institutes, pertaining Non-Building
to the educational needs and prestandards needed to move Structures
performance-based design forward for the structural Bridges

engineering profession for the next 10 years.




Questions to Answer DESIMONE

1. Where do you envision PBD to be in 10 years?

2. What is the benefit of using PBD on your project?

3. What barriers are you seeing in PBD use to get to the finish line?
4. What is needed to get to the 10-year vision?

5. What forms of education do we need to do to promote PBD?

6. What are the top five priorities for moving PBD into practice in the next
10 years?



Results and Takeaways DESIMONE

This slide has been REDACTED pending the publication of the approved:

SE! STRUCTURAL
3 ENGINEERING

INSTITUTE

SEl Performance-Based Design Workshop
March 4t & 5t 2025
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The End




