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|Torsiona| response: Chile (1985)
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Torsional response: Mexico (1985), Japan (1995)

Corner buildings, Mexico City

Mitsubishi Bank building, Kobe



|Torsiona| response: Chile (2010)
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|Torsiona| response: Mexico (2017)




| Timeline

: Phase |
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i —O—
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R
N\ |
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Timeline: Phase |
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Accidental torsion

Accidental torsion is a term used to represent lateral-torsional coupling
due to factors that are not, or cannot, be accounted for by current
modeling and analysis procedures.

It is a demand problem and
includes uncertainties in the input and parameters of the system

Column 22 .{ Code Equivalent
GO004- i ~Combinations

G000

Column 4 | ,: Column 22

8000 ~ y . do
60D 400 200 0 200 400 600

Example of torsion in a nominally symmetric structure



| Important letters...

Dear Anil

Evws PaAyes wath de Llese o astidewwal Seewicr ia Fine, wigavann and gary
glear, as usual. Thank.ynu for the opportunity to read it. I do have some

TThmTht et

When we’ve worked on "accidental™ torsion as a change in the
statiscally computed torsion using nominal values, we’ve conceived the
change as due to a combination of the following factors.

Dynamic vs static torsion

Foundation rotation

Torsion originating 'in a different story (eg tall symmetriec tower
with asymmetric lower stories)

Uncertaintly in stiffnesses

Uncertainty in mase distvribution

Unceztainty in damping

Eccentricity in x direction due to random £1uctuatinn an x-
direction stiffnesses

Deterministic and random variations in strength [tspoainlly serious
with masonry filler walls) ...

W b =

1 0 B

Sincerely

"
-

Emilio Rosenblueth



How significant is the effect of accidental torsion in building
design? Could it be neglected?

What is the relative importance on the building response of the
different sources of accidental torsion?

How does the code-static and dynamic response amplifications
due to accidental torsion compare with each other?

Is it possible to account for accidental torsion in building design
in a simpler way rather than moving the CM in £5b?



| Sources of accidental torsion

a) Uncertainty in the location of the CM b) Stiffness uncertainty in elements
orthogonal to the ground motion along ground motion direction

(coefficient of variation V, =0.14)

(coefficient of variation Vg = 0.15)

Number of resisting planes N=2

c) Base rotational excitation (30 records) d) Stiffness uncertainty in elements
1. it g perpendicular to ground motion
(building plan b=50m) direction

(Vi =0.14 and N =8)

Mean-plus-one standard deviation of normalized edge displacements, K s + Ol

1 e) Stiffness uncertainty in other stories o __Q__——-—"l“
] (Vi =0.14 and N =8) et i %\ .‘
u' " : ‘.
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"'-lﬁ 0:8 1 1} 1:4 1fs ) !
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|Static vs. dynamic models (e, = +b)

Normalized static edge displacement (l2)

(a) Code static analysis (b) Code dynamic analysis
2r 2
e/b=0.2
a.1) Stiff edge b.1) Stiff edge
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Figure 3: Normalized edge displacement ip)2 computed from code-static and dynamic anal-
yses for accidental torsion in systems with T, = 1 sec, square plan b/r = /6, and static
eccentricity e,/b = 0,0.1, and 0.2



Proposed increase in edge deformations

design envelopes
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Natural torsion

Lateral-torsional coupling of a building implies translational and rotational
motions of the floor

diaphragms, thus inducing uneven inelastic
deformation demands on structural elements of different resisting planes
across the building plan.

In any case, the phenomenon can be
interpreted as a seismic demand problem.

Flexible edge
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e E
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0.5
ol
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Equations of motion

Torsional control term
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What are the elastic/inelastic dynamic amplifications in the
element displacements and forces due to lateral-torsional
coupling?-- static versus dynamic eccentricities.

Is it possible to uncouple the translational and rotational
motions?---Centers of rigidity, stiffness, shear, twist,...

Are the models used comparable? Is there a conceptual
framework available to interpret these different results?

Would it be possible to control the lateral-torsional response of a
structure by other means rather than changing its design, i.e. the
distribution of stiffness and strength?



1. Torsional amplification

—Stiff - Flexible
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| 2. Static vs dynamic eccentricity (e; = aeg)

The natural eccentricity is modified by a
dynamic amplification factor

3.0

d
[\—5:!-'3-0.03

S

0 2 4 6 8 mk 10
; . Ik
Fig.10 Magnification factor for eccentricity

&

1.6+ / new design envelope

[~ > code-dynamic analysis

1.4

Dynammic eccentricity
Stotic eccentricity
5

Normalized response, O

Rosenblueth & Elorduy, 1969 de la Llera & Chopra, 2001



| 3. Inelastic vs. elastic behavior

Necessity of inelastic analyses
1. Better understanding of the problem
2. Consistency with ductile design

Development of simplified models
Accurate, economic and practical.

Y
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i |
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i
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e X
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* x- TRANSLATIONAL STIFFNESS = Ky
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Kan & Chopra, 1979



Story torgues T (kM-rm)

(2) (2)

__ 2nd story SE

1st story SE W

Figure 2. SE model for a building with non-aligned centres of mass

Exact SE model

1000 0 1000

Story shear V (kN) Story shear V (kN)

De La Llera & Chopra, 1995
SEM and yield surface for multistory buildings
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| 4. Inelastic behavior

Interaction of %h
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|4. Torsion in a nominally symmetric building

Shear (Kg) X ‘o.



5.0

uctility demand
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Peok Ductility Demand (PDD)

Syamal and Pekau, 1985
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| 5. Distribution of strength
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| 6. Orthogonal Elements
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Figure 5. Effect of orthogonal resisting planes on the seismic response of asymmetric buildings



|A special moment...




| Time Line: Phase |l

2012
Almazan
et al - TB with TMD

2014
2002 Chopra & Goel Khtoslhnggdl:%n
Ryan & Chopra _ M_odal et ?O?ZI;) input
- AM for asymmetric using UMRHA
plan base-isolated
buildings
I VR 7\ 7\ 7\ 7\ 7\ 7\ 7\
O \r | @, O
2001 2003 2006 2009 2011 2013 Manoukas &
Lin et al - Almazan & Vial et al - TB Almazan & Reyes & Seguin Avramidis -
Upgrade De La Llera - with frictional De La Llera - Chopra - et al - TB of Multimodal
to AM for AT FPS dampers TB as tool for Practical isolated 3D PO for
from De La EDD design modal PO buildings 2D input
Llera & Chopra 2007 for 2D input
1994 Garcia et
De La Llera et al - Strong and al - TB with
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| Pushover for asymmetric buildings

Moghadam & Tso, 1996

First approach: Two 3D pushover
analyses + dynamic response of
equivalent SDOF system

Fig. 10
: 7
| | [
ISE ! [
s i sl
4 1 I 4 4
i+ ,_I" ; 3
A MDOF ./
_'_ D?l_’-'amlc e J S— .,_-_
i Analysis i
Push over -
Estimation .
0 0.05 0.1 0135 02| o

Fig. 10. Maximum displacement and interstorey drift ratio of flexible edge

Fig. 11. Maximum ductility demands in beams and columns on Frame 3

(Whitier EQ record)

(Whitier EQ record)

Kilar & Fajfar, 1997
Pseudo-3D pushover with planar
macroelements: estimate global
plastic mechanism, ductilities, etc.

Chopra & Goel, 2004
Modal pushover analysis using UMRHA
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0 1 2 3 4 5 0 1 2 3 4 5
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| Pushover for asymmetric buildings

Fujii et al, 2004

Simplified method involving pushover
of each planar frame, pushover of
equivalent SSMs, and capacity-
demand spectra of equivalent SDOF
models
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Reyes & Chopra, 2011

Practical MPA (PMPA) is a reliable
estimator of nonlinear behavior of
asymmetric buildings: tested with

structures designed with UBCS85,
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| Demand estimation in isolated buildings

Ryan & Chopra, 2004
Method to estimate the peak deformation of isolators in an asymmetric

plan buildings
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| Response control with EDDs

Goel, 1998
Optimal distribution of VDs:
1. Location of the CSD
2. Radius of gyration of EDDs
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|Torsiona| balance with EDDs

Flexible edge . Stiff edge Flexible edge y Stiff edge
(x=-b) Yq (x=b) (x=-b) g (x=b)
' 0
O V¥(t) Fu(t) + a(t)x D .
cD cs aal B e LN S
20| ---f------- @ - - A g T - a ( (=
CM=GC CM=GC 7
ANURLIN ,\ ED1 fa 1% ED2
ED1 X i
:%‘

2b | ‘ 2b

E[vZ]=E l(u(t) + xH(t))Zl = E[u?] + 2xE[6u] + x?E[6?]

E[vZ]=E[v?,] = 2bE[0(t)u(t)] = —2bE[0()u(t)] = E[0(t)u(t)]=0,

Torsional balance: | Searchfore; 3 pu9 =0




| Torsional balance

Max. flex. edge=50.42cm
Max. stiff edge=17.06cm

RMS flex. edge=14.45cm
RMS stiff edge=4.65cm
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Figure 7. Y-direction edge deformations: (a) bare structure (75 =2s, ¢, =0.05,b/a=2,Q;=1.3,¢,=0.2b)
and (b) damped structure (¢3=0.2,eq4=—0.25b) subjected to an artificial record NCh compatible.
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The contribution of Professor Chopra (and his students) undoubtedly pushed
forward the understanding of the complicated response problem of lateral-
torsional coupling in buildings;

The evolution of the modeling and computational capacity has seamlessly
solved some of the issues associated with natural torsion; however, seismic
codes are still lagging behind in their seismic design provisions for natural
torsion;

Although cumbersome, the b shift of the CM to account for accidental
torsion has proven effective in practice;

The use of massive data analysis, complex inelastic simulations, and
uncertainty quantification capacities could still produce some useful results in
both domains of building torsion



Final personal comments

=  Professor Chopra was a real mentor teaching me how to do research in the
field from scratch—identify the most important from the less important;

= He taught me how to write technical work, and preached me with the
example (ENG130);

= He showed me what a mentor means beyond the realm of technical work by
paying attention to small details that were relevant to me(us);

= He challenged most of my decisions just to make me reflect, which | think it is
a critical component of life;

= He always listened;

= As aresult, we built a strong relationship based on mutual trust and
friendship






| Realistic inelastic behavior

Moveable massless

frame to increase
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Out of our engineering hands
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‘ A NATIONAL STRATEGY FOR DISASTER RESILIENCE

Transform the problem of natural
disasters into an sustainable
innovative advantage for the
country

Improve resilience of the Innovation for

1 Resilience :
country to natural disasters Develo pment

- Physical Deepen the understanding of the
Risk and Assess the performance and evaluate P physical phenomena behind
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| Equations of Motion

Extender al caso mas general pero usando notacion de torsion

MG+ (C+C)q+Kq= —MRy ()

1 0 1 €s — 1 €d
M=m , K=k , C=cq
0 r? S es rs2 —+—esz ed rg —I—eﬁ

Flexible edge . Stiff edge Flexible edge y Stiff edge
(x=-b) Yq (x=b) (x=-b) g (x=b)

0 4u V() =u(t]+6(t)x 0 4u

cD csl cD cs

20| ----}f-----------------@-\- O R R TELE 20| ---@---------- ®-------@--\- -
CM=GC | CM=GC 7
St > \ ED1 B 5 ED2
ED1 : !

2b | ‘ 2b



3. Centers of the Structure

Hejal & Chopra, 1987
Same conclusions as in Cheung & Tso. For a special class of buildings, the
elements have proportional lateral stiffness matrices.
Similarity between one-story buildings and this special class.

Hejal & Chopra, 1989 Goel & Chopra, 1993
Due to the similarity Design method without locating centers of rigidity.
and by extending The procedure combines the results of 3 analyses.

the work of Kan &
Chopra (1977) It IS Rotation Restraints
possible to compute (Typical at Al Fioars)
the response of a

TCMSB by analyzing 9

both the associated r v ™
TUMSB and TCSSB. Az r ey
D A | PO el VA P BT

(a) Step 1 {b) Step 2 {c) Step 3




Normalized
base displacement

Normalized
roof-to—base displacement

Normalized
base displacement

Normalized
roof-to-base displacement

|Torsiona| control

| /\
0 / \ /\ A~ /\ FANEEPN
— x=—b/2 (flexible edge)
----- x=0
L -—-— x=h/2 (stiff edge)
2 -
/
11 i;ﬂ'.'!uﬂ
fir
. ”___,', .i} i ‘\Wﬂ J“A._/\ B o e
bR ?%ﬂ R
I'_.1 ml \/
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-2 | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
Time (s)
(@) é”=0,Q"=1.0
2
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_2 1 1 1 1 1 1 1 1 1
1
0.5
0 - ., !ﬁk\ A j‘\\ /"\ /-\\ /\\'\v)"‘“\. -
e\ fj ¥ v\ J/ vy Y
_'1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
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(b) &” =8 =025,Q" =0.2

Seguin et al, 2013
Method for optimal torsional
control of the superstructure, at
expense of introducing torsion in
the isolation base, using two
torsional balance criterion
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|2. Energy Dissipation Devices

Goel, 1998

Viscous dampers optimal distribution:

1. Location of the CSD
2. Radius of gyration of EDDs

\f
|
Flexible-Edge Stiff-Edge
CcsD CR
T e e
e |
le ol
B a o1

Normalized Displacement of Flexible Edge

Normalized Displacement of Stiff Edge

3
—_— 02
_____ Boy=0
25 8,,=-0.2
1.5+ -
2
=

Almazan et al, 2012
A TMD can be optimally designed
to control the torsional response
and reduce the RMS story drifts

Plane 4
- & - Without TMD :
W ——G-- With TMD:(at CM)
s —=—With TMD:{optimum}

G-

g iR

g é : éq‘l.

c RS

- b 8

j= SN
RS
L sp e
448
¢‘f

Normalized RMS story drift



| History: 1930 — 1990

1981 - Kan &
Chopra - Inelastic

torsion ()

1984 - Tso & Sadek - p

for 2D input

1956 - Ayre - o, [1965 - Shiga - ©

1938 - Ayre -
Conditions on CM/CS

1969 - Shibata et al- e; and g

1969 - Penzien -
2DOF MSA. Q. NU
design is needed

1969 - Newmark
- Torsional input.

€acc

1971 - Newmark &

1984 - Riddel & Vasquez -

Existence of CR

Rosenblueth - Torsional
input. ese.. Dynamic

1984 - Rutenberg & Eisenberg -
Base isolation: CIS/CIP below CM

amplification of e and V

for decoupling

= mlm

IR

— - — -

1943 - Ayre - Torsional
effects are important.
Asymmetric demands

1958 - Housner
& Qutinen -
Static method is
not adequate

1960 - Bustamante &
Rosenblueth - Estimate
torsional response of
MSB with SSB

1977 - Prasad & Jagadish
- p might be large even
for small e

1977 - Kan & Chopra -
V/T interaction. Estimate

response of CMSB with

UMSB and SSB

: Eccentricity
: Accidental Eccentricity
: Natural Eccentricity

: Analysis method
. Design method

. Stiff edge

: Flexible edge

: Torsional Balance
: Displacement-based
. Force -based

@Others  ®Chopra @ WCEE |
MSA : Modal Spectral Analysis e
AT . Accidental torsion €ncc
NT . Natural torsion euat
SSB : Single Story Building AM
NLSSB : Non-linear Single Story Building DM
MSB : Multi Story Building SE
CMSB : Coupled Multi Story Building FE
UMSB : Uncoupled Multi Story Building TB
CD : Capacity-Demand DB
PO : Pushover FB
1 : Ductility demand CR
Hg . Global Ductility demand
M : Local Ductility demand

: Center of Rigidity

1984 - Liu et al - Active TMD

1989 - Hejal & Chopra

- Torsion parameters.
Extends model of Kan
& Chopra 1977 to MSB

N

1986 - Cheung & Tso -
CR at each story,
depends on lateral loads

1987 - Hejal & Chopra -
CR at each story,
depends on lateral loads

1979 - Kan &
Chopra - Equivalent
single element
model for NLSSB

1988 - Pekau

& Guimond -

Importance of
CP

1988 - Sadek
& Tso -
Importance
of CP

1988 - Lee &
Lee -
Simplified
model for MSB




| History: 1990 - 2017

2012 - Fazileh &
Humar - DB DM
1033 -LAllTazan 2012 -
e La Llera - ilki -
FpS Wikinson et 2l 2017 - Palacios
Z?Ulu' L'nd‘-'t oda et al - DB DM
al - Upgrade
1994 - De La Llera 1998 - Goel - || to AM for AT [|2002 - Ryan & Chopra| | |2009 - Almazan zotlzl i f‘rgnafti" 2015 wlttgo:e;:g?ge
1993 - qul & Chopra & Chopra - AM for Optimal viscous|| from De La || - AM for asymmetric & De LaLlera- || 2@ '}MD W Manoukas &
- AM without CR AT and USST for NT dampers Llera & Chopraf| Plan base-isolated Torsional Avramidic - || 2017 - Kaatsiz
T distribution 1994 buildings balance for EDD|| 2012 - Becker Mur;?r:o:isal etal- PO AM
C design etal- FPS 3D PO for | [2017 - Bosco et
2D input al - Influe_nce of
990 - Goel & Chopra - modeling
Parametric study for
NL torsion
| —_— J—
I | I | l
1992 - Pekau 81992 - Sedarat & Gupta| [1996 - Moghadam & Tso| PO0OO - Moghadam & Tso thg'le{s-& Khozsg)intt:dia
Mastrangelo - | - UBC vs real buildings - Double PO AM - PO for asymmetric
ang g _ buildi 2004 - Fujii et al - CD 2004 - Crisafulli et al - Chopra - 3D| | netal- 3D
Friction recorded responses: 1996 - Escob ulidings -
d - Escobar - : method with the riticizes DMs based on modal PO PO for 2D
ampers Bad evaluation i ion-: 2000 - Ghersi et al - i iti i
Montecarlo simulation: envelope of multiple PO e. DM, transition for 2D input input
1992 - Tso & | 1992 - Ayala etal - CM/CS/CP affect the New design e and DM e otween FB and DB
Zhu - Design | previous NL studies | |response, but not at the| |with envelope of 2 MSA,[ [2004 - De La Llera etaly “ . 2/ "0 0 ot — 1
‘ codes applicability and design same time Reduces p_and g 'E(S:EO"OQ taind deeakTB. desian 2008 - Azimineja
performance: p| inconsistencies. Locate - - = - - Optimal damper . : et al - DM with
on SE/FE CP between CM/CS ll?:jacge-%nft?risa? 2000 ACZDU Tl\:a etal location ngg:_ UHpegrPaadnedteoz i‘M proper
1952 - De 1992 - Rutenberg et friction dampers to 2004 - Makarios et al - ¢, AT from De La Llera g configuration of
Stefano et al - al - Peak locate CS/CP at CM Optimal Axis of Torsion Lin centers
Redistribute displacement and p - to define eccentricity
resistance for | are normally on 1996 - Martin & Pekau - ithout CR (after Riddellf 2004 - Chopra & Goel
i Optimal distribution of dal PO Al |
better response]  different elements pfriction dampers & Vasquez, Hejal & - Modal PO AM
1992 - Goel & Chopra - Chopra, Cheung & Tso) 5006~ Vial 202|7_-T(;a¥;ci:?] et
Pre“'li,"“g_lNL studies @Others  @Chopra @ WCEE | etal-TB viscoelastic
fu:EtliDc:ﬁa SlEIt:i:ri:gstz/p MSA : Modal Spectral Analysis e : Eccentricity .wl_th dampers
: AT  : Accidental torsion e : Accidental Eccentricity frictional
SSE_: Single Story Building A ¢ Analysis method mpers
NLSSB : Non-linear Sin?le Story Building DM Design method
MSB  : Multi Story Building SE : Stiff edge
CMSB : Coupled Multi Story Building FE : Flexible edge
UMSB : Uncoupled Multi Story Building TB : Torsional Balance
CcD . Capacity-Demand DB . Displacement-based
PO : Pushover FB . Force -based
B : Ductility demand CR : Center of Rigidity
V] : Global Ductility demand
ML : Local Ductility demand
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| 5. Ductility Demand

Different demands on both edges implies different designs: need of
estimating ductility demands to guarantee proper ductile design

100F s
; /\ Model la
ol . t |5 6(1,2) Shibata et al, 1969
o \\-u.,‘_'E'_"u.z M Dependence of ductility demands

7 S on strength distribution

10-1 | 5 o | | /_;1—721 .. | .

*

NG A

(old

A

e : ya. ) 7 o
:(‘ / l 1kx ,L
& o

‘.'D 1kY ﬁyﬁ | zkv
i | L:Elastic Max- Shear Ratio ' : _ S:Center of Gravity

Q5 I . e 2kx  J.CiCenter of Stiffness
|| S:Static Shear Ratio

ua ] _'ﬁ' l i = ‘ - | . i — . . . .

0 10 2 3.0 40 Fig.l Single-Story Unsymmetrical Buillding . Fig,2 Torsional Vibration Model



Energy Dissipation Devices

Pekau & Mastrangelo, 1992

Optimal friction dampers design
to reduce the displacement and

ductility demands

o On2

D2

D/2

b -

Elements 1,3

!
-
] m Lo
\
L

\—Erenurns 2.4

Figure 2. One-story model of friction damped

asymmetric structure.

B BR
(b) Typical Frame with Frictica Damped Bracing

Elements:
1, 2: Frames
3, 4: EDDs

Figure 1. Friction damped bracing in frame structure

De Angelis & Paolacci, 1996

Friction dampers can be optimally
designed to move the CR and CP
to the CM, which reduces and
uniforms damage.

— With EDDs
—==—= Without EDDs
12
10
28t
O << (b) Flexible side
6 TNe——
5 4 | Design level SN
8 __.__,_—-.-.____J
2 (a) Stiff side
, ——————9 —e »
0 0.3 0.6 0.9 1.2 1.5



|Torsiona| response, Chile (2010)
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| Experimental reductions

De La Llera & Almazan, 2003
Torsional control with a FPS: effect on
the FRFs

a5 k| = solated structure |, .. X-dir. translation -~ - -
— Fixed base structure : : ;

H . e, i . . ) 5
SEea, oy . Rt s
. . . LT . T L ) [T
D | | | LT PPPPL L oL - L

He(jo)]
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Frequency (Hz)




Dynamic results vs. empirical data

design envelopes

16
'é 15—F 4
r L /].
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Seismic Isolation

s Fixed base
Rutenberg & Eisenberg, 1984 & 1
CR/CP of the isolation <40 N
system below the CM of the € ] S *”fq;
superstructure g 301 s
' S D o & -
8 20- MR e
e =t
R 210 = ==
. 2 CR/CP, below CM
S — 4500
o| c '
1 L 36001Fixed base
RERR Aslfe, & S 5700-
: F—— isolZiieon E 2700_ g
e g isoo] R
E i
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