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Tabla 5.1 - Valores méxi de los f: de modificacién de la "
R
Sistema estructural Material astructural R K, ASCE/SEI 7-10
Acero estructural
o) Maroos conpstis (OMF) K 5 3-1/2
Pérticos B Matos mibioe . t;z 77777 7 "'& 4-1/2
¢} Marcos especiales (SMF) 7 it 8
) Marco de vigss nrsjadas (STME} 6 10 7
Hommigdn armado 7 (]
Acero estructural
8} Marcos concentiicos eorrientes [OCEF) 3 5 3-1/4
hi Marcoe concantricos sspeciales (SCHEF) h& 8 6
&} Matoos sxcantricos (ERF] & 10 8
Homigdn armado 7 (]
Hommigdn armado y albaiiilera confinada
- 5i se cumple el criterio 4% G 9
- Sino se cumple el criteriac 4 ¥ 4 4
Muras y sistemas arlostrados Madera 5.5 7
Albaiiileria confinada 4 4
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Table 12.2-1 Design Coe ents and ctors for Seismic Force-Resisting Systems

Structural System

Limitations Including

ASCE7 Structural Height, b, (ft)
Section Limits’
Where Response
Detailing Modification Deflection Seismic Design Category
Reguirements  Coefficient,  Overstrength  Amplification =
Seismic Force-Resisting System Are Specified R? Factor, £0° Factor, € B c F
B. BUILDING FRAME SYSTEMS
1. Steel eccentrically braced frames 8 2 1 NL NL 160 160 100
2. Seel special concentrically braced 14.1 6 2 5 NL NL 160 160 100
frames
3. Steel ordinary concemtrically braced 14 A 2 3G NL NL 3% 3% NP
frames
Steel buckly strained braced 14.1 8 L 5 NL NL 160 160 100
frames
26. Steel special plate shear walls 14.1 7 2 6 NL NL 160 160 100
C. ING FRAME
1. Steel special moment frames 14.1 and 8 3 Sha NL NL NL NL NL
2. Steel special truss moment frames T 3 5% NL NL 160 100 NP
3. Steel inermediate moment frames 41 3 4 NL NL 35% NP NP
14.1
4. Steel ordinary moment frames 12256 and 32 3 3 NL NL NP NFF NP
141

ps)
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Tabla 5.6 - Valores maximos del factor de modificacion de la respuesta

Sisterna resistente R
1. Estructuras disenadas para permanecer eldsticas 1
2 Otras estructuras no incluidas o asimilables a las de esta lista" 2

3. Estructuras de acero

3.3 Edificios y estructuras de marcos thictiles de acero con slementos no dstructuralas

dilatados

3.2 Edificios y estructuras de marcos ductiles de acero con elementos no estructurales
no dilatados e incorporados en el modelo estructural

3.4 Edificios industriales de un piso, con o sin puente gria, y con arriostramiento
continuo de techo 5

3.5 Edificios industriales de un piso, sin puente-gria, sin arriostramiento continuo de

techa, que satisfacen 11.1.2 3
3.6 Naves de acero livianas que satisfacen las condiciones de 11.2.1 4
3.7 Estructuras de péndulo invertido® 3
3.8 FEstructuras sismicas isostdticas 3

3.9 Estructuras de plancha o manto de acero, cuyo comportamiento sismico esta
controlado por el fenémene de pandeo local 3
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Plan

Ductile seismic design

Braced frame systems
—Concentrically braced frames
— Eccentrically braced frames 341-10

—Buckling restrained braced frames

Moment frames and plate wall systems

Heavy industrial buildings: challenges
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Ductile Seismic Design
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Take advantage of the
high ductility of steel

Oa Ductile
response

Fracture,
instability,
etc.
»
»
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Ecole Polytechnique of Montreal, 1996

M/Mpr

Ecole Polytechnique of Montrea 1996
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Plastic Rotation (rad.)
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Tension Inelastic buckling
yielding (typ.) with plastic hinge (typ.)
P =
Plasticm
Hinge
&5
HSS 102x76x6.4 - KL/r = 112
-1.2 T T T T
-8 -4 0 4 8
518y
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Effects of Magnitude and Distance

Earthquakes in California
Site Class B — 5% damping
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Design Spectra

& Design for Inelastic Response

16 1.6
;(')ts ’érge'eBs Area ] Los Angeles Area
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Capacity Design Procedure
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+ CHEIEI~—
y I I I o
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Two-Step “Capacity Design” Procedure:

¢Grav. ¢Grav. 1. Select Braces:
E
— . i
|, Design for gravity + E
Check KL/r, bit, etc. for ductile
response
2. Design other elements :
Grav. Grav. . .
>E * * Gusset plates designed in
> compression for the expected

brace compressive strength

Gusset plate designed in tension
for the expected brace tensile
strength

Column designed for gravity
plus expected brace tensile
strength

R. Tremblay, Polytechnique Montreal, Canada
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Ductile Seismic Force Resisting Systems

Compression Plastic Shear e

Plastic ) Ny i
Tension Hinge Tension __ yielding Hinge (typ.) yielding [
yielding yielding %

" Plgstic) (Plastic ) Plastic
inge (typ. i i .
v Hinge , / — . Hinge (typ.)
. E‘ [ yielding Tension
4 yielding
I

[/ [/ #F Tl
|

/
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ASCE 7-10

AISC 341-10

AISC 360-10

Seismic Provisions for
Structural Steel Buildings

ARS8

Specification
for Structural Steel Buildings

RIS

R. Tremblay, Polytechnique Montreal, Canada 21
NBCC 2010
CSA S16-09
ste09f
= %
§
i
Design of steel structures ;
§
i
|
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Building code main objective is to protect life
and prevent structural collapse under ground

motions

In view of high level of ground motion
considered (2% in 50 years) and the difficulty
in predicting ground motions and their
effects on structures ...

... ductile seismic design represents an
effective strategy to achieve code objectives
by controlling the system response and force

demand.

R. Tremblay, Polytechnique Montreal, Canada
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Control of

Local Buckling

ID

1SS (RIS HISS (CHS

PN

H1;_I|I\ ductile
members

Moderately ductile
Members
Lmd

Element Ratio
Flange of byl2 0.30,[EfF, 0.38,fE[F,
I-sections ! !
Web of I-sections hit, For €, = 0125: For C, = 0.125:

in beams or
columns!?

2.45 En — 093¢,
\E

For C, = 0.125:

0.77 |’T|2.93 C,)
\F, a )=

1as [E
\I F,

376 I'Z!
VF,

For C, = 0.125:

1 Ilylgul.iz —-C)z I.-lﬂug

1-2.75¢C,)

Web of I-sections hit, - T
= 1.49 JE/F 149 [EfF
used as braces =2 VEIE,
Wall of RHS? (b —3r/2r
B 0.55,[E[F, 0.64,JE/F,
(d = 3r)/2¢ iz JEE,
; g
Wall of CHS e 0.038E/F, 0.044E/F,
VO, = PJoAF,. where ¢, = 0.9, P, = required axial strength, 4 = cross-section area.

* When C, = 0.125 for I-shaped beams. i1, =
* Limit=1.12 [E[F,

245 \.'7_".-'_}:,' in SMFs and 3.76 J}_I,-"i , in IMFs,
for moderately ductile RHS members used as beams or columns.

* Limit = 0.7 E/F, for moderately ductile CHS members used as beams or colunmns.

R. Tremblay, Polytechnique Montreal, Canada
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Expected (probable)

k-]
3
E@18
. 88" |
material strength 5% |
I
g -
i’ E1a4
5§
25124
i T
1.0+
Liu, J. et al. (2007). AISC Eng.

i Laferi F, | F R, R,
Application Material (}H‘)ﬂ) (MPa) | (MPa) | (MPa)
Structural ASTM A36 250 400 1.5 1.2
shapes ASTM A572, grade 345 345 450 1.1 1.1

ASTM A913. grade 415 415 520 1.1 1.1
ASTM A913. grade 450 450 550 1.1 1.1
ASTM A992 345 450 1.1 1.1
Plates ASTM A36 250 400 1.3 1.2
ASTM A572. grade 290 290 415 1.3 1.0
ASTM AS572. grade 345 345 450 1.1 1.2
HSS ASTM A500. grade C (round) 317 427 1.4 L3
ASTM A500. grade C (rectangular) 345 427 14 1.3
Pipes ASTM A53. grade B 240 415 1.6 1.2

R. Tremblay, Polytechnique Montreal, Canada 25

Concentrically Braced Frames (SCBFs)

Energy dissipated in bracing members through
tensile yielding and flexural hinging

Inelastic buckling
with plastic hinge (typ.)

Tension
yielding (typ.)

Connections and other members expected to
remain essentially elastic

R. Tremblay, Polytechnique Montreal, Canada 26
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Rehabilitation
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Kobe 1995
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Northridge 1994
Photos from Peter Maranian, Brandow and Associates (P. Uriz Thesis, 2005)
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Uriz and Mahin (2004)
Univ. of California, Berkeley

Fracture in
1st cycle at
A;= 2% hy

R. Tremblay, Polytechnique Montreal, Canada
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HSS 254 x 254 x 12
b/t =18, KL/r = 42

Al hs (%)
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

P /AgFy

-20 -15 -10 -05 00 05 10 15 20
8 /L (%)

R. Tremblay, Polytechnique Montreal, Canada
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Interstorey Drift (%)

Axial Force (kN)

A5 -0 05 0g 05 10 15
Interstorey Drift (%)

Test RHS13  (2007-07-12) @®© .

= STRUCTURAL ENGINEERING HSS 254x254x8.0 Lu = 4444 mm T EAT

Group for Research in

R. Tremblay, Polytechnique Montreal, Canada
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3.0

Alhs (%)
-2.0 -1.0 0.0 10
|

0 20 30

T
410 05 00 05
8/LH (%)

Alhs (%)

30 20 -10 00 10
I

05 00 05
8 /LH (%)

Alhs (%)
-1.0 0.0 1.0
|

Radannaaaanaaeanaaan
05 00 05 10 15 20
8/LH (%)

0 20 30 40

-10 05 0.0 05
8 /LH (%)

-1.0

05 00 05
8/LH (%)

s L Bdaaanasasnaasy
25 -20 -15 -1.0 -05 00 05 10 15 20 25 3.0
8111 (%)
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P/ AgFy

1KL/r =93
1 HSS 127x76x4.8

KL/ =142

1HSS 76x76x4.8

6 -4 -2 0 2 4 6 -10 8 6 -4 -2 0 2 4 6 8 10
818y 5/ 8y

25
20
15

10

Ductility at Fracture, L

0.0 0.5 1.0 15 2.0 25
Brace Slenderness, A = (Fy / Fe)05

R. Tremblay, Polytechnique Montreal, Canada 41

-1.0

- HSS 203x203x12.7
KL/r = 57; bei/t = 12.2
LELELELE BLELELELE BLALELELE BLELELELE BLELELELE BUALELELE BLELELELE BLELELE

-1.5

-1.0 -05 00 05 1.0 15 20 25

S /Ln (%)
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Specimen Wi VB
Shape WW310x97 Wy250x115

A [mm?)] 12300 14800

KLt [mm] &0 &0

b/t [rrrn] 9.3 ]

Interitorey Dl Angh PG

)

w4

-6000
Interstorey Drift Angle (%)

w4  We

R. Tremblay, Polytechnique Montreal, Canada
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Design — Bracing Configuration

* Along any braced line, between 30% & 70% of lateral
load is resisted by tension braces

» Tension-only braced frames not permitted

» K-bracing not permitted
\ < <

/ \ / A\

R. Tremblay, Polytechnique Montreal, Canada 45

B
\
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R. Tremblay, Ecole Polytechnique of Montreal & D. Mitchell, McGill University 46
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Design — Bracing Members

* Braces must resist gravity + lateral loads

P, in tension and compression as per AISC 360-10
« KL/r <200
» Section must meet seismic A, 4 limits

» For built-up sections, individual components must
meet KL/r limits and stitch subjected to shear under
buckling must meet minimum shear strength

R. Tremblay, Polytechnique Montreal, Canada 47

KL, =09L, KL, =0.5L,
KL, =0.5L, KL, =0.5L,

R. Tremblay, Polytechnique Montreal, Canada 48
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Ld

Bracing Configuration

Tension-only braced frames permitted

Bracing Members

Section must meets b/t limits that vary with KL/r

R. Tremblay, Polytechnique Montreal, Canada 49

Design — Expected Brace Strengths

T

exp

1.0 4 ‘ /
=l 4 4
E 0.0 ‘!—2—1‘1,—5,’/'//7//////;///
s =
Clexp . : HSS 203x203x12.7
" / KL/ = 57; bgt = 12.2

1.0 Srrrrprrreflee
-15 -1.0 /05 00 05 10 15 20 25
81 LH (%)

Cexp
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1.0)
2
o
|
ol
o
o

e
®
N

Cu (S16-01, n = 1.34)

C'u/ AgFy (Ductility
°
IS
L

0.2
0.0 T T T T T
1 KL";?E:??:&’::%; 00 05 10 15 2.0 25
-1.0 T T T T T lY T = 10
-15 1.0 05 00 05 1.0 15 20 25 =
0, I 084 Cy (S16-01, n = 1.34)
8/ Ln (%) > \‘ — - — C\y (mean)
S 06 \
12 ~ 8 <§ %o
1.0 £ < T
Cy (S16-01, n = 1.34) =] . %%;’ g —— - =
S, 0.8 — - — Cy (AISC 1999) O oo - - . - -
Ua, 0.0 0.5 10 15 20 25
< 06 1 5 10+
= I
O 044 ’I>l\ OSh| Cu (S16-01, n = 1.34)
= — - — C'y (mean)
0.2 ERS| \o ’
! g §
> 044 . @
0.0 T T T T T ) <§5;2% .
0.0 0.5 1.0 15 20 25 < @29 o ia
A 3 w T gype o T
© 00 T T T T T
0.0 0.5 1.0 15 20 25
0 50 100 150 200 I3
T T T T 1
KL/r 0 50 100 150 200
KL/r
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C’
exp :
i HSS 203x203x12.7
KL/r = 57; bei/t = 12.2
1.0 e
-1.5 -1.0 405 00 05 10 15 20 25
T =ARF RaEIC)
ex
P yhy Coxp
Cexp =A (1.12 F,) where F;, = F; with R/F,
<ARF
— y'y
k) —
SN=03C.,,
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ASTM A992 W Shapes

—— \ (Fy = 345 MPa)
$Cn
T“p

chp

Clexp

0.0

0 40 80 120 160 200

R. Tremblay, Polytechnique Montreal, Canada
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. . +  Producer B, Class C
00 — == SLinear (Froducer A, Cass &) ——
" ‘f = " = Linoar (Producer A, Class H)
gk .': N = Linoar (Froducer B, Class C)
TS T P t
1 g };if : |- \
13, - : .
3T L \ O
H — . B Y=
AT | B T o
i I"’: : o
F 3 A . ———Cexp
% ~ |8 li| 05 \
b . g L . s E—
o) ¥ 1
; ; i E P E \ \
WO AT - \ —
H L] L —— —
0.0 T T T T T
= o 40 80 120 160 200
1 KLir
25 35 a5 55 85
ot
Schimdt and Bratlett (2002)
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Design — Brace Connection

Must resist brace T, & 1.1 C,,

Must allow for ductile rotational behavior or
resist 1.1 x brace expected flexural strength

R. Tremblay, Polytechnique Montreal, Canada
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Archambault et al. (1995)
]‘remblay and Bolduc (2002)
Ecole Polytechnique,Montreal

Kobe 1995

R. Tremblay, Polytechnique Montreal, Canada 57

Yang and Mahin (2004)
Univ. of California, Berkeley

o

Axial Load [kip]

R. Tremblay, Polytechnique Montreal, Canada 58
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T

of

|
Jf

Sabelli (2003)

Iz

Sabelli (2003) Sabelli (2005)

R. Tremblay, Polytechnique Montreal, Canada 63

Prototype

Attachment to
load frame:

/ Specimen

End Restraint

5182 (min) @ 7937 (max)

Elevation

R. Tremblay, Polytechnique Montreal, Canada 64
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Desigh — Columns and Beams

Must resist gravity loads plus two brace force
scenarios:

* Upon first buckling & yielding (Tey, & Ceyp)
¢ In post-buckling range (T, & C'¢yp)

Beams in V and inverted-V bracing must be
continuous between columns

Column sections must meet A4

Beam sections must meet A4

R. Tremblay, Polytechnique Montreal, Canada
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Brace force scenarios for columns:

At Buckling Post-Buckling

R. Tremblay, Polytechnique Montreal, Canada 67

Northridge 1994
Photos from Finley 1999
(P. Uriz Thesis, 2005)

R. Tremblay, Polytechnique Montreal, Canada 68
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Taiwan 1999

R. Tremblay, Polytechnique Montreal, Canada 69
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Brace force scenarios for beams:

Cexp,x+l Texp,x+1

R

exp,x

]/
( )
N\

l2wgr10w
| 2 N T 2 T 2

Te><p,x+1 cexp,x+1

FIi’ <’ > _»Fva

exp,X Texp,x

At Buckling

12wgt1.0w
r ¥ ¥ ¥ ¥ 33

C’exp.x+1 Texp,><+1

I by / FR,x
r /K C’exp,x P

T

exp,x

12wg1.0w
| 2 T T 2 2

Texp,x+1 ’exp,x+l

C'exp,x T

exp,x

Post-Buckling

R. Tremblay, Polytechnique Montreal, Canada 71

5 @ 9000 =45 000

P =7720 kN (Level 9)
12635 kN (Levels 2-8)
12840 kN (Level 1)

Exterior walls = 1.5 kPa

Seismic Load Data (NCh433):

In-plane torsion omitted Other members: Fy = 345 MPa

Zone 2
Soil Type C Steel:
A=0.30¢g BRB cores: Fyc = 260-290 MPa

300
I(slab edge) / 17 o)
- WTI_I:I_I_
T SCBF EBF BRBF
S 2 @ 4000
Bl = 18000
) o
M | _| |_ ‘ 5500
=} LL
o m s —
S = [mm]
® ELEVATIONS
[Te]
[mm]
PLAN
Gravity loads: Load Combinations:
Roof: Dead = 3.2 kPa 12D +1.6L
Live =1.0 kPa 12D +1.0L +1.4E
Floor: Dead = 3.5 kPa 09D +1.4E
ok Note: Redundancy factor, p
Partitions = 1.0 kPa - N 0 [=0
Live =3.8 kPa Seismic weight: and seismic load effects

with overstrength factor, (2,
as specified in ASCE 7-10
are not considered.

R. Tremblay, Polytechnique Montreal, Canada 72
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NORMA CHILENA OFICIAL

INSTITUTO MNACIONAL DE NORMALIZACION ®  |NN-CHILE

Disefio sismico de edificios

NCh 433.0f1996
Modificada en 2009

Pértlcos

Muros y sistemas anostrados

cf Marcos excénrices (EBF)

Hemmigén ammade

Hermigén ammade v albaiilleria confinada
Si se cuniple o criterio A ¥

- Sino se cumple sl criterio 47

Madera

Albaiileria confinada

@

MNCh433
as maximos de los factores de modificacidn de la respuesta®

Material astructural R R,
Acero estuciunal
a) Marcos correntes (OMF) 4 5
b) Marcos intermedsos (IMF) - 4]
) Marcos especiales (SMF) 7 1"
di Marco de vigas ensjedas (STMF] 6 10
Homigin armado 7 4]
Acero estructural
al Marcos concéntncos cormentes (OCBF} 3 ]
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Static method of analysis
27554, ( T' " I= 1.0 A= 0.30
C=s——— e Zane = P= 16598 kN/Frame
gR Soil Type 5= 1.05
R= L 5.5_ T= 045s
n= 1.40
T = 0.55s
From analysis = 0.119
Q= 1974 kN / Frame
R. Tremblay, Polytechnique Montreal, Canada 74
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Brace Design

b= 0.90
F, 0,345 | kN/mm?
RF, = 0.385|kN/mm’
e for b2 7.2
i, for hft, = 35.9
Limit KLfr = 200
| Braces
KL 8 Py P, e Pys Pua o, Shape A 0 b2t hit,, KLfe
{mm} (deg) (ki) (kM) (kM) {kN) [k} (kN) () (mm) ] () [mm)
6021 416 29 4 555 815 a1 815 W200%59 7550 518 7.22 19.9 116.2
6021 416 a7 51 930 1458 186 1458 | W200%100 | 12700 53.8 4.43 12.5 1119
7106 50.7 155 73 1559 2441 103 2441 W310X143 | 18200 78.5 6.77 19.8 90.5
From Analysis
Braces [ Exgected Brace Capacities |
Shape A Ty b2t ht, Kifr Fe Fe 4P, Puf§P,  Check T Feo e Cous Cup
{mm’) [mm) (&) il (mm)  (kM/mm®) kNfmm’) (k) {kN) kN)  (kNSmm®) (kN) [kM)
W2D0K59 7550 518 7.22 19.9 1152 0148 0128 a7 0.94 oK 907 0128 1103 EES
WI00X100 | 12700  53.8 4.43 12.5 1119 0158 0138 1578 0.92 0K 4890 0138 2001 600
W30K143 | 18700 TAS 677 19.8 9.5 0241 0189 3103 079 oK 7007 0197 4092 1227
R. Tremblay, Polytechnique Montreal, Canada 75
Column Design
[ Expected Brace Capacities |
Tewn Fas oy Conp Cen
kN)  (kNfmm?)  (kN) {kN]
2907 0.128 1103 331
4890 0.138 2001 600
7007 0.197 4092 1227
599 g 159 509
2001 2001 4890 4890 <
169 169
1169 1% 4 169,
' 4092
-0.9 x 644 (D) 2492| 7007 et 4092 . | 4749 + 1.2 x 644 (D)
=1913 +1.0x 372 (L)
o — +— —— =5803
4437 l 2591 T
7916 7916
At Bucklin
R. Tremblay, Polytechnique Montreal, Canada 76




Column Design

[ Expected Brace Capacities ]

Tesn Feray Co Cag
[kN)  (kN/mm’) (kM) (kM)
2507 0,128 1103 33
4890 0.138 2001 60O
7007 0.197 4092 1227
856 856
__ 1856 856 __
2907 T / P T l
331 1103
2907
L .
WS
600 600 4890 4890 d
(12 812, N/ 4812 g =
1227
-0.9x 644 (D) 662 | 7007 oo 1227 _ |5136 + 1.2 x 644 (D)
=82 +1.0x 372 (L)
= +— —— =6280
4437 l 777
6085 6086
Post-Buckling
R. Tremblay, Polytechnique Montreal, Canada 77
Beam Design
[ Expected Brace Capacities ]
Tesn Feray Co Cag
(kM) (kN/mm’) (kN {kN] 12wy 10w =871 12wgy+10w =871
el s 5 1498 1498 1498 1498 1210 1210 1210 1210
4890 0.138 2001 60O i ~
7007 0.197 4092 1227 —d /\ = — K331 =
- 12w 10w =24.0 12wyt 10w =240
2907 1103 2907
( — 331
1077, / -2800 h'Y _jjor7 842 / -2565 M, 842
' \ AN A
2001 4890‘/ D 4890/ M, = 243

12wy 10w =24.0

oL 4890
039 | -039 ‘> 939 | 930
7007 4092y =759
At Buckling

12wy 1.0w =24.0

00 4890
556 -556 556 556
al :

/ A
7007 1227 [w,= 3896]

[kN,m]

Post-Buckling

R. Tremblay, Polytechnique Montreal, Canada 78
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4000

Consider more realistic brace KL

W610 Beam

Bolted End
Plate Connection

Brace sizes are reduced, increasing T* reducing seismic loads ...

T*=0.55s->0.65s

C =0.119 -> 0.093 (22% decrease in seismic loads)

R. Tremblay, Polytechnique Montreal, Canada 79
0o 0.99)
F, 0.345|kN/mm’
RF,= 0,385 |kN/mm’
S forbft= 7.2
Jotor ity = 35.9
Liensit KLfr = 200
Braces
KL Py [ P Shape Ay fy b2t hyt, KLfe
{mm) (ki) (kM) M) fmar’)  fmm) (1 (B )
6021 29 4 518 .12 19.9 116.2
6021 87 51 53.8 443 125 1119
7106 155 7 7.5 877 19.8 90,5
From Analysis
Y
0.90|
0,345 ki/mm®
0.385|kfmm’
] ih
" i 1.2
t 35.9)
4 R 200
Braces
KL Py % "y Shape Ay Ty b/t hit, KL/r
[mm] (] (kN) [kN) fmm’)  (mm) 1) () {mem)
4500 2 4 653 7550 518 722 19.9 86.9
4500 6 40 150{ | wa 550 518 .22 19.9 86.9
5600 136 65 1955 \| W2S0x101 | /12800 658 6.56 189 85.1
Fined From Analysis
R. Tremblay, Polytechnique Montreal, Canada 80




SCBF SCBF

SCBF Brace KL c/c Ly
2 @ 4000 R= 55 5.5
= 8000 T(s)= 055 0.65

5500 Q, (kN) = 1974 1562

Steel (t)=  16.3 13.7
Qu,p (kN) = 7028 5090

R. Tremblay, Polytechnique Montreal, Canada

81

Eccentrically Braced Frames

Energy is dissipated through shear or flexure
in link beams

~ Plastic Shear &
Hinge (typ.) yielding [~

Connections and other members (including beams
outside links) expected to remain essentially elastic

R. Tremblay, Polytechnique Montreal, Canada

82
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al

Filiatrault et al. | | f'

el

R. Tremblay, Polytechnique Montreal, Canada 83

Residential buildings
Montreal
Martoni Cyr

R. Tremblay, Polytechnique Montreal, Canada 84
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Hockey Canadian, Montreal

R. Tremblay, Polytechnique Montreal, Canada 85

Wellington, New-Zealand 2013

R. Tremblay, Polytechnique Montreal, Canada 86
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Built-up rectangular tubular link beams

10 mm

Beamn Cross Section

Contreventement non requis
pour le segment ductile !

Link Shear {kN)

EEEIEEEE

215 01 005 0 008 01 015

Link Rotation {radlans)
Berman, J.W, and Bruneau, M. 2008. Tubular Links for
Eccentrically Braced Frames I: Finite Element Parametric Study.
ASCE J. Struct. Eng., Vol. 134, No. 5, pp. 692-701.

R. Tremblay, Polytechnique Montreal, Canada 87
System originally developed by Prof. Povov with ...
STRUCTRRAL STED. RRACDE
STETEME: BERN
CTELE LADONS
INELSTY; BEHAOR O
fises o o
Wl \ - :j:'..r.\'.":m
M__}f' (= R
. .. g i | A STUY OF SESBCALY RESSTANT
Takanashi & lj’ “"Jﬂ'ﬁw : STEELFRAMESYSTENS| S5 | e e e
Roeder w | | s tp——
1976 Roeder / 'H#MH B et = p—
w S el - —
1983 i T =
Kasai \ il -
1986 T
il
Engelhardt
1989
+others
R. Tremblay, Polytechnique Montreal, Canada 88
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Design — Bracing Configuration

connection

* P;= 0 in ductile links
* Pinned beam-to-

%_‘ /jv =0,Lle o« Symmetrical

Rigid .
q— connection column jolnts
tye) * Shorter beam spans

e Good clearance

R. Tremblay, Polytechnique Montreal, Canada 89

Design — Link Beams

Resistance can be governed by shear (short links) or
flexure (long links). Resistances affected by axial load:

Vp = 0.68Ap for PP £ 0.15 M, = K,ZTor P./P. = 0.15

]

Vo = 06FAp\1-(B/R)" for PIP:>0.15 = pp F_\Z[ I—{H- "P"me- P.IP.>0.15

Section must meet A4 (A4 for flanges if e < 1.6 M,/V, )
e > d; upper limit on e applies in presence of axial load

Must meet limits on plastic rotation (y,): from 0.02 rad
fore <1.6 M,/V, to 0.08 rad for e > 2.6 M_/V,

Need for end and intermediate stiffeners; depend on
yielding mechanism & vy,

R. Tremblay, Polytechnique Montreal, Canada

90
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For center links (M = 0 at e/2): g , )
Y S

For shear yielding: V, =V,

For flexural yielding: V = 2 M,/e Dj:l:n)
Cl z

ML

Shorter links generally preferred:
* Higher lateral frame stiffness

== * Higher energy dissipation capacity
% -ﬁ e Less stringent A (A,,, for flanges)
* Easier to design beams outside links

R. Tremblay, Polytechnique Montreal, Canada 91

9p=%: /« P=The Y';?pue
—> (= —>
—»> —»>
- -
»> >

The inelastic link rotation angle shall be determined from the inelastic portion of the
design story drift. Alternatively, the inclastic link rotation angle is permitted to be
determined from nonlinear analysis as defined in Section C3.

R. Tremblay, Polytechnique Montreal, Canada 92
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Design — Adjusted link shear strength

V.

al

i = L.25 RV, (I-shaped links)
= 1.40 RV, (built-up tubular links)

May be multiplied by 0.88 for beams outside links
and for columns in structures more than 3 storeys

R. Tremblay, Polytechnique Montreal, Canada 93

Desigh — Columns and Beams

Must resist gravity loads plus Vg,

Column sections must meet A, 4. Beam outside links
and braces must meet A4 section requirements

R. Tremblay, Polytechnique Montreal, Canada 94
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Design — Columns and Beams

Must resist gravity loads plus V.

Column sections must meet A,4. Beam outside links
and braces must meet A4 Section requirements

LIZ
e/2
I‘_ o2 Li2-el2
adj
l_ro ad
j_b/-> I brace l
Pbeam t |:|'
Va l P | e
Vbeam : !
i 1
SN F&'
VadJ l : Mbeam

TF’col

R. Tremblay, Polytechnique Montreal, Canada 95
5 @ 9000 = 45 000
<00 BF (t
I(slab edge) / (typ.)
T 0T
SCBF EBF BRBF
o
8 8
2 g S
>
I & — "
o
3 & i 8
> = S)
<
e ®
[To]
©
5500
[mm] [mm]
PLAN ELEVATIONS
Gravity loads: Load Combinations:
Roof: Dead = 3.2 kPa 1.2D +1.6L
Live=1.0 kPa 12D +10L+14E
Floor: Dead = 3.5 kPa 0.9D + 1.4E
Partitions = 1.0 kPa
Live = 3.8 kPa Seismic weight:
Exterior walls = 1.5 kPa P =7720 kN (Level 9)
12635 kN (Levels 2-8)
Seismic Load Data (NCh433): 12840 kN (Level 1)
Zone 2
Soil Type C Steel:
A=0.30g¢ BRB cores: Fyc = 260-290 MPa
In-plane torsion omitted Other members: Fy = 345 MPa
R. Tremblay, Polytechnique Montreal, Canada 96
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EBFs — Modular Links
with N. Mansour & C. Christopoulos, Univ. of Toronto

S T | Bt
} o
[} p——
[ 5=
Splice for H "_'.‘,G ¥
additional floors {1 =
rtus ., )
[ - De-couple Link Beam
=" from floor beam
J | Prefabricated in shop
Upto ! T
3:wm,, high & shipped to site
Cm-site bolting of
"~ Replaceable Link (Typ.)
]

R. Tremblay, Polytechnique Montreal, Canada 97
z
@
&
]
2
oy
E
=]

T am
Plastic Link Rotation [rad] Plastic Link Retation [rad]
EBF-1B EBF-3B
R. Tremblay, Polytechnique Montreal, Canada 98
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R. Tremblay, Polytechnique Montreal, Canada
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R. Tremblay, Polytechnique Montreal, Canada
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Link Shear Foree [kN]

Plastic Link Rotation [rad]

R. Tremblay, Polytechnique Montreal, Canada
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Repair using Self-compacting concrete
(Sikacrete-08 SCC)

Repair of main transverse surface
cracks using Low-viscosity injection
resin (Sikadur 52)

R. Tremblay, Polytechnique Montreal, Canada 103

ik el n place by
boliing b floor beam] (| 3%

+

* Pevimmeter welds - Jod puss
Wekd b rranforcement plate

¢ Penimetes ek - Iut pass
T Weld ink w10 flooe beam web

1 A

3 ... %

—

/

\/

I
:]I.. . —

—
!
rr=ai
- A
pa——
LI comens

R. Tremblay, Polytechnique Montreal, Canada 104
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Comparisons for cycles at 0.08 rad.:

Effect of Slab

F

—

vl

1] 0.07 009

EBF13: 7 stiffeners

EBF14: w/Slab
EBF16: w/repaired slab (3/16” reinforcement plates)

750
460

-460
-750

Slab and Repaired Slab
[y c

(¥4” reinforcement plates)

R. Tremblay, Polytechnique Montreal, Canada
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)

Link shear

R. Tremblay, Polytechnique Montreal, Canada
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Buckling Restrained Braced Frames

Energy dissipated in bracing members through
tensile and compression axial yielding

Unbonding Steel
X :| Material @ Core
I I Steel Mortar
Tube Fill

Cross-Section

" =m = _|/777]]
Py e <f 2

5
Connections and other members expected to
remain essentially elastic

R. Tremblay, Polytechnique Montreal, Canada 107

Wakabayashi et al. (1973)

Watanabe et al. (1988)

Flg & Lload-Disolucemesl relations

(I L - R Fos Pomd i

R. Tremblay, Polytechnique Montreal, Canada 108
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Buckling Restrained Braced Frames

PMNED JOMT
el

2-Clsx 80 @0

00 AN ACTIATOR  —
[

PINNED JOINT
asry o)
tmen)
; [.‘.
. -
e,
frexrs .
a0 om
n
am | w0 e 20 | 3w
un
e
= 3 war
SN s~ =N
e, bipilaos bt g,
eieizdoerin nmEm s e Ay
sl oo noex g
wcaian o) [reste

Ecole Polytechnique 1998

N
N

-4.0 -2.0 0.0 20 4.0

Québec City (1999)
R. Tremblay, Polytechnique Montreal, Canada 109
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Québec City (1999)

Montreal (Canam)

Vancouver (RJC)

R. Tremblay, Polytechnique Montreal, Canada 111
20000
{ CBF
= 10000
e
_:C 0.8 x J
= 04 CBF 2 0
g 0.0 S ]
x -04 > -10000
< -0.8 ]
- [ — — -20000 —+—1 T
= 0.8 20000
= 047 BRB-L {BRB-L
© O s =
10000 -
£ 04 < 1
< -0.8 v 0
—e———— | G ]
_CC 0.8 % > -10000 -
-~ 04 BRB-S 1
S 00 \/‘V/\UV“ A\/A\/V A -20000
x -04 j V\/ \/\/\j 20000
< -0.8 1 BRB-S
= 10000
=g
3 g 0 /
S 8 Y Jy
T U > -10000
g -0.2 ]
<
-20000 “+—1 T
7 T T —
0 5 10 15 20 25 SLONNO. 010
Time (s) A1/ hs (%)
R. Tremblay, Polytechnique Montreal, Canada 112
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Global buckling:

Concrete Fill rElr,dr
pg;mi1111113&1111111311114_p

%J LCore
L

X
\ 4

Local (core) buckling:

Ga
P y>ap P
— e 4—
T
P
Eb %&Q—;‘ «—
R. Tremblay, Polytechnique Montreal, Canada 113
All-steel BRBs
8 6 -4 -2 0 2 4 6 8 10
ANy
R. Tremblay, Polytechnique Montreal, Canada 114
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Steel Tuhe—\

Guide plate

Shim plate — 2
Filler plate —

Steel
Core

/—Plalns 1.59x 70

FP— _w =y L3 —
- [= . . -
—Plates 1.59 x 300 Plates 1.59 x 70
s12 [ =-T= ) L) ) ) -
il —)_rl 0 O] 0} . -—

R. Tremblay, Polytechnique Montreal, Canada 115

Figure 5. Buckling and local deformation patterns of specimens.

Eryasar & Topkaya 2010

Local Flastic Deformations
(Strong Axds View)

(Weak Axie View)

Usami et al. 2008

*

R. Tremblay, Polytechnique Montreal, Canada 116
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I

| = Mo smpite 592 favast stret,

A=-10A, — - — —
Ductititg {A18y)
AwZsA 0.3 1 Auxial load in BRM — 8
! ——— Applied displacement

0.2 et
. BHANE-
0.1 -2 §
(A L £
&
= 0 —0
-3
&
LAt -
0.1 -2 8
I 14T -2
2
-0.2 - — -4
-0.3 — -6
1] 40 a0 120

Analysis time ()

R. Tremblay, Polytechnique Montreal, Canada 117

3 — - Applied displacement — 6
== — - Thickness - Canter
——— Thickness - End I
2 === Widh-Center |
— Width - End

Lt

Variation in core width and thickness (mm)
o
|
Applied displacement (4}

4 —

Ae — i i

-3 T T T T T -6
0 40 a0 120

EXTREMITE

Segments plats /——
Epaississement

R. Tremblay, Polytechnique Montreal, Canada 118




ort latéral rigide

oy "'M F, Ptk constant
\n'_ P

DDC réelle
rt latéral "glch_

~-fr;:-f\s_m =

= TN 7N T

1t lutéral rigide I‘\.: .15
- 3
m=2
Nowan~_
B N,

Modéles

rt latéral ngide

e TV VA VAV VAVAVS

R. Tremblay, Polytechnique Montreal, Canada 119

u=03

h=12mm, m=19

b= 19mm, m= 11

I = 25mm, m = 11

R. Tremblay, Polytechnique Montreal, Canada 120




Specialized suppliers (U.S.)

CorREBRACE®

SUPCRIOR SEISMIC PERFORMANCE

http://www.corebrace.com/

/] StarSeismic.

http://www.starseismic.net/

UNBONDEDBR/\CE

http://www.unbondedbrace.com/

R. Tremblay, Polytechnique Montreal, Canada 121
Design — Bracing Configuration
No special requirements (BRB have nearly symmetrical
response)
May be controlled by drift limit or available BRB
capacities
CHEVRON BRACING
INVERTE :D“\"—ISR_-\IZI\J'(G IMAGONAL BRACING ALTERNATE DIAGONAL BRACING
—_— —_—
m — —_—
|-|-| — m —
|-|£ — —
R. Tremblay, Polytechnique Montreal, Canada 122
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Design — BRB members

Select A_:

BRB assumed not resist gravity loads
=>required axial strength from lateral loads only

F)n = Acch
Notes: use lower bound for F,
round-off A,

(compression & tension) with ¢ =0.9

Verify availability of BRB and test data
Determine stiffness factor KF for analysis
=K /(EAC/LC/C)

Brace

R. Tremblay, Polytechnique Montreal, Canada

123

4000

R. Tremblay, Polytechnique Montreal, Canada
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Qualification tests of BRBs:

Two cyclic tests: individual BRB + sub-assemblage
Specimen Py, within 50-120% of prototype

Specimen design, fabrication and quality control as for
prototype

Test displacements based on design storey drift A,

20 |- Ap.=1.0%h,

Cycle

Tests used to demonstrate performance of the member
and connections and to provide design data

R. Tremblay, Polytechnique Montreal, Canada 125

Design — BRB adjusted axial strength

Adjusted (max) brace strengths from tests:
T

a
Cadj =0 B Acch

with ® and B from C and T at the maximum test
deformations

dj =0 Acch

Note: use upper bound for F

2.0 T‘
poner =
e 7/ / //
PR I 7/
Ay >
200 ]

-8.0 -4.0 0.0 4.0 8.0
/38y

R. Tremblay, Polytechnique Montreal, Canada 126
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Design — Columns and Beams

Must resist gravity loads plus fo

rces induced when

the braces reach their adjusted strengths

Section must meet A4 (A4 for flanges if e < 1.6 M /V, )

R. Tremblay, Polytechnique Montreal, Canada

127

Column Design

Chevron
BRB a‘“\

Beam Design

Copi
adj x adjx+1

2y — —F

Tadj,x Cadj,x

c N
Tadj,x adjx+1

and

12wgt16w

S S S S S S

R. Tremblay, Polytechnique Montreal, Canada
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Communication with BRB suppliers

e At design stage, verify:
—Range of F
— Strength factors ® &
— Stiffness factors KF
— P, range for which test data is available

* On drawings, specify:
— Minimum P, (or A; & F,.), with tolerances
— Factors o, p and KF
— Req’d test brace axial deformations

R. Tremblay, Polytechnique Montreal, Canada 129

Fyc =260-290 MPa BRBF
KF=1.5

R =6.0 (as EBF)
T=0.99s
Qo =871 kN /Frame

o[ __o090]
F,= 0.260|kN/mm’
R/, = u.mt:]kN,-’mm"
@= 1.40]
4
f= 1.10|
| Braces | Adjusted Strengths |
KL L P P Pe Level Py Acreq Acup Tag Cagy
{mm) (deg) (kN) (kN) (kN] () (kN) (mm?)  (mm?) (kN) (kN)
6021 41.63 0 0 245 9 343 1465 1600 650 715
6021 41.63 0 i) 411 2 575 2458 2600 1056 1161
7106 50.71 0 ] 638 1 963 4117 4200 1705 1876

R. Tremblay, Polytechnique Montreal, Canada 130
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SCBF BRBF

SCBF SCBF BRBF

Brace KL cfc Ly
R= 55 55 6.0
T(s)= 0.55 0.65 0.99

Qg (kN) = 1974 1562 871

Steel (t) = 16.3 13.7 41"
Q. (kN)= 7028 5090 2268

' Braces not included

R. Tremblay, Polytechnique Montreal, Canada

131

Moment Resisting Frames

Energy dissipated by plastic hinging in beams
and limited shear yielding in column panel
zones. Plastic hinging in columns permitted at
the base and in single-storey structures.
AN /
e\l
/ / /N

-]

Connections and other members expected to
remain essentially elastic

R. Tremblay, Polytechnique Montreal, Canada
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Design — Beams

Section must meet A4
Must resist expected shear demand upon hinging
Must be laterally braced

4.

—>ﬁ #-ﬁ

gl” l

+$¢+$+

11R/M,

i T llRM
|

v |
‘

L'=L-2x-d.
V,=WL'/2+22R M, /L'
R. Tremblay, Polytechnique Montreal, Canada
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Design — Columns

Section must meet A4
Must satisfy “weak beam-strong column” criteria
except for:

Columns with P, < 0.3 A_F, in single-storey buildings or
at the top storey of multi-storey buildings;

Columns with P, < 0.3 A;.F, when their total shear
contribution < 20% of total storey shear resistance and
33% of storey shear resistance along their MF line; or

Columns that have shear capacity to demand ratio 50%
gretaer than in the storey above.

R. Tremblay, Polytechnique Montreal, Canada
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EM*,. = £Z.(Fy = PucAy)

IM#,y = E(1LIR FypZy + Myy)

M*: projected at member
center lines

L

1 TC'
L'=L-2x-d, x+dclz~|: ":|~x+d,/2
V,=wL'/2+22R, M, /L

R. Tremblay, Polytechnique Montreal, Canada 135

The nominal strength, Ry, shall be determined as follows:

(1) When the effect of panel-zone deformation on frame stability is not considered
in the analysis:

(i) For P,s0A4F:
Ry = 0.60Fdt, (110-9)
(i) For P, >04P,

Ry = O,wadcf.,[lA - -;5] J10-10y
{b) When frame stability, including plastic panel-zone deformation, is considered in

the analysis:
(i) For P, = 0.75F,

2
Ru = 060Fd,t, | 143045 1n0-11
e, [ dadpl'w] (10-11)
(i) For P, > 0.75F.
15 [ |.zp]
— 0.60Fdety| 14021 |[1 9128 10-1
Ry Fydct, [ +dbd¢r. n 1. 2)

R. Tremblay, Polytechnique Montreal, Canada 136
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Desigh — Beam-to-column connections

Must accommodate 4% storey drift angle

Measured flexural resistance at column face at 4%
storey drift angle > 80% M,

Performance considered as demonstrated if pre-
qualified connections are used; otherwise must be
demonstrated through physical cyclic testing

A
Vo
h./2

h./2

‘ L/2 L/2

R. Tremblay, Polytechnique Montreal, Canada
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Prequalified Connections for
Special and Intermediate
Steel Moment Frames for

Seismic Applications

Design requirements

Welding requirements

Including Supplement No, |

Bolting requirements

Requirements for 6
pre-qualified connections

AMERICAN INSTITUTE. OF STEEL CONSTRUCTION
O Bt Wacher Drive, Suie 700
Chocago, llinsis 608011501

http://www.aisc.org

R. Tremblay, Polytechnique Montreal, Canada
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Welded Unreinforced Flange
Welded Web

Bolted End Plate

Conxtech Co-nx-l_

Kaiser Bolted Bracket
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3 Probable Maximum Moment at Plastic Hinge
The probable madmert moment af the plastic kinge shall be:

M= ey FiZe 2431

where
M= probable maxinum moment @t plastic hinge, kip-in, (N-mm)
Ry = ratio of the expected yield stress to the specified minimum yield stress Fjas.
wpecified in the AISC Seiunic Provisioms
Ze = effective plastic section modulus of the section {or connection| at the loca-

tion of the plastic hinge, in." (mm’)
£y = factor 1o sccount for the peak connection strengih, incloding strain harden-
ing, local restraint, addidonal reinf and other i
conditions. Unless otherwise specifically indicated in this Standard, the
valte of Cpr shall be:
R+
Cim .zz?’ii 12 @432

where
Fy = specified minimum yield stress of the yielding elensent, ksi (MPa)
Fyw specified minimum tensile strength of the yiclding ehement, ksi (MPa)

6.10. DESIGN PROCEDURE
Connection geometry is shown in Figures 6.2, 6.3 and 6.4 for the 4E, 4ES and S8ES
‘connections, respectively.

1. End-Plate and Bolt Design

Step 1. ine the sizes of the members (beams and column) and
compute the moment at the face of the column, M.

My= Mt VSt (6.10-1)

®

Figure 4
Bolted Unstiffened End Plate (BUEP) Connection

where
My = probable maximum moment at plastic hinge, kip-in. (N-mm), given by
Equation 2.4.3-1
S5 = distance from face of column to plastic hinge, in. (mm)
= the lesser of a2 or 3y, for an unstiffened connection (4E)
= Ly + tp for a stiffencd connection (4ES, $ES)
= shear force at end of beam, kips (N}

;_E”:: + Yy (6.10-2)

o
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Level1: M, , = 3050 x lU3|U_3-'I5 -

Level 2: M, , = 3050 x m-*in._ms
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Steel Plate Shear Walls
Energy dissipated through web plate (infill panel)
yielding and plastic hinging in beams and at the
base of columns
—>
—>
_>
Connections and other members expected to
remain essentially elastic
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ING St-Hyacinthe
Quirion Metal
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Louis Crépeault
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University of Alberta (1997)
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Work by Bruneau, Tsai et al.

2F Shear Force (kN)

Base Shear Force (kN)
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MF + web plate
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Distribution of V, from analysis

I i'i I Infill panel designed for 100% V,

Beams M

. SUch that Vy,- = 2 ¢ Mpb/hs >0.25V,

R. Tremblay, Polytechnique Montreal, Canada

151

Design of web plate

e

V, = 0.42F, by, Loy sin20;

Z

o = angle of web yielding in degrees, as measured relative to the vertical. The
dnle oF iclingti

d e = vertn ~al. b
ngle of inclination, o, is permitted to be taken as 407, or is permitted to be
calculated as lollows:
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Design of beams (HBE) — A

and columns (VBE)
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Beam-to-Column Connections
27.9.3.4
The factored resistance of the beam web-to-column connection shall equal or exceed the effects of
gravity loads and tension forces in the infill plates, as determined in accordance with Clause 27.9.2.2,
acting above and below the beams, combined with shears induced by moments of 1.‘IRVMm acting
at plastic hinge locations. The moments acting in the beam plastic hinges may be taken as
1.18(1.1Ry Mpp)(1-Ce/ ¢C, ), where Cyis the beam axial load due to the tension forces in the infill plates and
Cyis the 1x|1ry|eld resistance of the beam.
27.9.6 Beam-to-column joints and connections
Beam-to-column joints and connections shall meet the requirements ok Clause 27.4.4, egkept that
Clause 27.4.4.2(b) shall not apply.
Type LD MRF
CP groove welds
YYVVVVIVVYG, ull Backing bar removed
Run-off tabs removed
V, Qi+1 Reinforcing fillet welds
bl ®iyq Tr = 60% Trin Cl. 21.3
Mobigg |, —
VS :
; —
él Vbrl Beams:
! ‘ Class 1 or 2
L-2x-d¢ <—\Z
Columns:
= Class 1, W Shapes
Beam
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Corner cut-outs

Purba, R. and Bruneau, M. 2007.
Design Recommendations for
Perforated Steel Plate Shear
Walls. Report MCEER-07-0011,

SUNY Buffalo, NY.

Total Force (kM)

Vian, D. and Bruneau, M. 2004. Testing of Special 2500

LYS Steel Plate Shear walls. Proc. 13t WCEE, 80

Vancouver, BC. Paper No. 978.

50 -40 =20 o 0 40 &0
Displacement, 4 {mm)
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Optimization of infill plates

Use of thin infill plates

Base Shear (kN)
ra
=]
=]

-400 g//’
vt

-600

Specimen F2
Boundary Frame

1 0 3
Drrift (%)

0.9 mm thick ASTM A1008 (cold-rolled, carbon, commercial

steel sheet)

Berman, J.W. and Bruneau, M. 2005. Experimental
Investigation of Light-Gauge Steel Plate Shear
Walls. ASCE J. of Struct. Eng., 131, 2, 259-267.
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Perforated infill plates

Purba, R. and Bruneau, M. 2007. Design
Recommendations for Perforated Steel
Plate Shear Walls. Report MCEER-07-0011,
SUNY Buffalo, NY.

Vian, D. and Bruneau, M. 2004. Testing of Special
LYS Steel Plate Shear walls. Proc. 13t WCEE,
Vancouver, BC. Paper No. 978.
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Warning!

Only basic design requirements have been
discussed; several other requirements must be
applied including those related to loads and
load combinations, demand critical welds,
protected zones, bracing, quality control, etc.

Only the systems designed and detailed for
high ductility have been introduced; provisions
also exist for other systems exhibiting
moderate and limited ductility that may be more
appropriate for some applications.

R. Tremblay, Polytechnique Montreal 162
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Bruneau, M., Sabelli, R., and Uang C.-M.
(2003) Ductile Design of Steel Structures, 29
ed., Wiley

AISC. (2013) Seismic Design Manual, 2" ed.,
AISC

Filiatrault, A., Tremblay, R., Christopoulos,
C., Foltz, B., and Pettinga, D. (2013)
Elements of Earthquake Engineering and
Structural Dynamics, 3" ed.,

Presses Internationales Polytechnique (PIP)
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2nd Ed. Seismic Manual Table of

Contents
= Part 1: General Design ) i
Considerations 2" Ed. Seismic Manual Table of
- Part 2: Analysis Contents

» Part 3: Systems Not
Specifically Detailed for « Part 6: Composite Moment Frames

Seismic Resistance » Part 7: Composite Braced Frames and

» Part 4: Moment Frames Shear Walls

* Part5: Braced Frames . part 8: Diaphragms, Collectors, and
Chords

+ Part 9: Provisions and Standards (Seismic
Provisions and Prequalified Connections
for Moment Frames)

+ Part 10: Engineered Damping Systems
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Part 5: Braced Frames Part 5: SCBF Analysis

. - - + lllustrates new analysis requirements of
- Covers design examples illustrating Seismic Provisions Section F2.3

member and connection design for OCBF,
SCBF, EBF, and BRBF (new in the
second edition) :

» Tension braces ._

Option A . >
NOTEOUT-OF-FLANE FR Connection Beam to Column 22 !
BUCKLING OF BRACE Z 5 ]
FOR THIS EXAMPLE Out of Plane Buckling of Brace =

(Example 5.3.11)

WEACT BUCKLES
NoPFLANE

{'OR\!ER C 2 |.' \\'[T.“ MOMENT CORNER CONNECTION DESIGNED FOR FRAME
RELEASE BY MEANS OF BEAM SPLICE ROTATIONAL (DISTORTHONAL) FORCES
(Example 5.3.10) ” — - (Example 53.12) w

R. Tremblay, Polytechnique Montreal, Canada 165

Seismic Design of Heavy Industrial
Buildings : Challenges

R. Tremblay, Polytechnique Montreal, Canada 166
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Observations / Issues:

» Structures are not buildings:

— Irregular structures with heavy point masses and loads
and low damping

— Design is process driven and structure will likely be
modified to accommodate changes to the process

— Equipment may interact with the structure

» Structures may have limited redundancy

» Damage under severe earthquakes must be limited:
— Structures may contain hazardous material
— No or short downtimes

» Application of ductile seismic systems not practical,
often impossible

e Current building code provisions not suitable

R. Tremblay, Polytechnique Montreal, Canada
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Possible avenues:

Ductility (or alternative similar approach) needed to accommodate
uncertainty in ground motions and seismic response

1. Simple code provisions to control inelastic demand:
low R factors , use of dynamic analysis, etc.

2. Use of ductile anchorage systems with minimum
stretch lengths in combination with shear keys

3. Use ductile fuses in key structural elements to
control the force demand

4. Where applicable, use sliding or rocking systems to
control input

Above avenues are listed in order of ease of implementation

implementation and flexibility for future process changes;
however, the latest ones could be more effective

R. Tremblay, Polytechnique Montreal, Canada
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In Canada, industrial structures are buildings and National
Building Code (NBCC) applies.

New Annex proposed for inclusion in CSA S16-14 and which
would be referenced in NBCC 2015:

ANNEX M (Informative)
Seismic design of industrial steel structures

Mote: This informative (non-mandatory) Annex has been written in normative (mandatory) language to
facilitate adoption where users of the Standard or regulatory authorities wish to adopt it formally as
additional requirements to this Standard.

M.1 General

M.1.1 Scope

This Appendix applies to industrial type structures that are expected not to respond to
seismic ground motions in a fashion similar to conventional buildings because of non-
uniform distribution of mass, strength and stiffness in the building, absence of clearly
defined floors, or reduced damping due to limited architectural components. The
intended use of these structures are essentially to support equipment and material for an
industrial process that may significantly affect the structure seismic response, and do not
include the shelter of persons. These provisions do not apply to warehouses or to office
buildings for industrial complexes. These provisions do not apply to nuclear facilities.

R. Tremblay, Polytechnique Montreal, Canada
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Recent related research work:

. Demand prediction from RS analysis
. Use/design of ductile anchorage

. Ductile structural fuses

. Multi-tiered braced frames

A WN =

R. Tremblay, Polytechnique Montreal, Canada
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Demand Prediction from RS Analysis

R. Tremblay, Polytechnique Montreal, Canada
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* Plan dimensions: 36 m x 60 m x 40 m

* Heavy equipment, including 1200t & 750t tanks
* lIrregularities in mass and stiffness

* Montreal Site Class C

» Static, Response Spectrum & Linear response history
analyses

R. Tremblay, Polytechnique Montreal, Canada
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Structure has a large number of contributing modes

Masses modales effectives
MODE T X(E-O0) ¥ (Vert.) Z(N-5) Cumul-X Cumul-¥ Cumul-Z
(s) (%) (%) (%) {%) (%) 1%)
1 1.456 0.0 0.0 0.2 0.0 0.0 0.2
2 1.383 53.2 0.0 2.1 53.2 0.0 24
3 1.323 1.5 0.0 63.4 54.7 0.0 65.7
4 1114 0.2 0.0 0.2 548 0.0 65.9
5 1.069 7.1 0.0 0.0 62.0 0.0 65.9
[ 1.047 4.2 0.0 0.2 66.2 0.0 66.1
7 1.024 0.0 0.0 0.0 66.2 0.0 66.1
& 0.979 3.8 0.0 0.7 70.0 0.0 66.9
9 0.955 0.7 0.0 5.1 70.7 0.0 72.0
10 0.880 07 0.0 0.0 714 0.0 72.0
11 0.860 1.2 0.0 0.0 726 0.0 720
12 0.850 11 0.0 0.0 737 0.0 720
13 0.844 2.7 0.0 0.0 76.4 0.1 720
14 0.807 0.3 0.0 0.0 6.7 0.1 720
15 0.803 0.0 0.0 0.0 6.7 0.1 720
70 0.382 0.1 0.0 0.1 90.0 0.3 B6.2
a5 0.327 (11 0.0 0.4 92.9 0.4 90.3
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Use & Design of Ductile Anchors

"A

2

5600

VALY

16 800

2 X 40t cranes

22 400

3 sites: Montreal, Vancouver & Seattle | | | <
1675 25000 1675

Seismic force demand from linear
response history analysis

Ductile anchors at column bases
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131%
PIR,P, 12
Str? (xk=1)
0.2 Stability (x = 1) /"
Stability (x = -1)
00
02 . qo 0.2 0.4 0.6 . 1.0 1.2
’ M/RM,
0.4
0.6
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Elastic time history analysis

Vancouver (Site Class C)

0/
1.0% H Crane level
0.8% " Roof level

0.6%

Adh (%)

=04%
<0.2%
0.0%

STAT SPEC TH-MedTH-84th
Analysis method

Seattle (Site Class D)

12%
—~ 0,
é”,l'M
=08%
~
<06%
£ 04%

0.2%
0.0%

= Crane level
= Roof level

STAT SPEC TH-MedTH-84th
Analysis method

Acceleration (g)

Acceleration (g)

150%

B Ext. base col.
™ Top column

SPEC TH-Med TH-84th

Analysis method

06 7m Crane level —
" Roof level S
<
0.4 .2100%
T
o
(%]
0.2 B 50%
=
7]
0.0 0%
STAT  SPEC TH-Med TH-84th STAT
Analysis method
08 1u Crane level 200%
" Roof level <
06 S1509%
2
=
04 &100%
o«
@ 0,
0.2 & 50%
0.0 0%

STAT SPEC TH-Med TH-84th
Analysis method

R. Tremblay,

STAT

B Ext. base col.
" Top column

SPEC TH-Med TH-84th
Analysis method

Polytechnique Montreal, Canada 177

Ductile anchorage at column bases

Foerii
A _ _ vertical
fuse R

sh I:y, fuse

Amml = Ae + Ai

A, = Apea/R
A= Ayy,/(1-R)

&

Aloml = Ae + Ai

A4, = Apea/R

A= Ayo/(1-R)
=JxH/h

&=Ax h/H
L=¢/e=6/0.03
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Inelastic time history analysis

Gap i
E y:
i

Spring for stability of  ____——]

i

Hook

T

Anchor rod

e c[
7
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STRUCTURAL ENGINEERING

Projet J.Richard - Batiment Vancouver-C \@' e
x CoLl
avee systéme d'ancrages ductiles sous v12 POLYTECHNIOUE

MONTREAL
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(131%) 116%
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(136%)
(140%)
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Rooflevel
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§ (]
<
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s . . .
X X X
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0.0%
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Detalles tipicos
— \/\ —1—
NCh2369 (2003)
Is 8d, or 250 = £,
mm suitable for i l El
all applications? = B
I | |
|
| hN
: A
Placa de cizalle
Figura A.1 - Base de columnas
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Other buildings to be examined

Chemical Industry

HeadFrame (Mining)

R. Tremblay, Polytechnique Montreal, Canada 184
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Pipe Racks

Conveyor Towers

R. Tremblay, Polytechnique Montreal, Canada
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Tank Supporting Structures

R. Tremblay, Polytechnique Montreal, Canada
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Ductile
Structural
Fuses
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15
4 Without Fuse rl
1.0 With Fuse
25.4 ¢ bolts - ] / /
@ 80x80 (typ.) 280 4o E 051
PL 6x63x250 -’I| (typ.) ] /
(2 sides) 0.0 1 5
-05 ; —t
64 ¢ hole 200 30 20 -10 00 10 20 30
3 (4 sides) gl Alh (%)
15
133-»] b ] ﬁ q
64 x 335 slotted hole 200 101 With Fuse
4 (4 sides) nig! .
gs

& |

HS 102x102x4.8

0.5

AN

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
Alh (%)
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Fuses for
HSS braces

g Le . 4 Ju
crm | pa | crr Vi
<+« [ £ «—> 5

@je= U
Steel Tube \m:steel Core Gy
Mortar Fill
Section A
3
LF
> [— 1~

N o ———
—}3-_—;

(e E—
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ffffff Without Brace Fuses
5 With Brace Fuses
~ 1.0
§ ]
£ 0.0
= ]
< 10
0.2 4
—~ ]
&)
0
< i
02 | M7.0 1989 Loma Prieta
: Standford Univ. 360°
e
0 5] 10 15 20
Time (s)
1.0 T 0.5
05
=5 ]
Z 004 % 0.0
(A, ] >
05 .
T - - - - - - Without Brace Fuses
1 With Brace Fuses
-1.0 —F—F— 05 +——— 77—
-2.0 -1.0 0.0 1.0 20 -1.0 -0.5 0.0 0.5 1.0
818y Ag/ hn (%)
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Angle with A ﬁ;tsm

reduced section\ r b
f
HSS brace ‘ Y J

EmETTT A

Typ.

3 |
Buckhng] LJ
restraining box L Lf ,L Lt, Lw
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Frame support

,[ (yp)) 1000 kN
Dynamic

actuator

Loading

arm
W310x179 (typ.)

Brace
studied

3.75m
W360x347 (typ.)

Horizontal
reaction block

6.0m
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25.4 ¢ bolts

@ 80x80 (typ.)

1 PL 6x63x250
(2 sides)

Cut
5-6 e

Brace _/ | 1034
Fuse

15

7 | Brace Fuse Test5CC
i Without Fuse f]
1.0 T{——— with Fuse
> ] /
< 05
” : //
00 /7
05 +— - —— T T
-30 -20 -1.0 00 1.0 2.0 3.0
Alh (%)
1.5
] [ Brace Fuse Test6CT
4 Without Fuse
1.0 T——— with Fuse 7] i
2 s iy
< 05 7
> ] / / 4
0.0 -
] e J
0.5 . —— . .
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
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Fuses in W-Shapes
(Canam Group, Montreal)
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Multi-Tiered Braced Frames
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X-braced CBF vs Multi-tiered CBFs
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2-tiered CBFs

Designed in accordance with AISC 341-10
SCBF-R=6.0

Los Angeles, CA - Site class D
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Design Storey (CdA)
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Conclusions

* Design provisions to achieve ductile seismic
performance for building steel structures are
now available for application in practice

» Design objective is to prevent structural
collapse and structural damage & residual
deformations are expected

e Some issues still need to be addressed

» Application of this design approach not
suitable for heavy industrial applications;
specific design provisions needed for these
structures
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