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Background - Earthquake design of buildings (ductility design)

+ Wind design - EQ design
Lateral force

Pg

Elastic behavior

q

Wind pressure

& suction Inelastic

P = Pg/u / behavior

Lateral displacement

ﬁ

Ground vibration

© MIDAS IT Co,. Ltd



Background

Limitations of system
De=sign factors and height (m)
.. P 1 Response Displacement | Seismic | Seismic | Seismic
Seismic force-resisting system Sificati over lificati Desi Des Deai
factor thmﬂﬂﬂﬂrﬂ] factor  ICatepory|Category|Category
fid 2, P AorB [ D
1. Bearing wall systemns
1-a. Special reinforced concrete shear 5 25 5 ~ ~ ~
walls
1-b. Ordinary reinforced concrete shear 1 25 1 - - 60
walls
1-c. Reinforced masonry shear walls 2.5 2.5 1.5 - 60 NP
1-d. Unreinforced masonry shear walls 1.5 2.5 1.5 - NP MP
1 - e. Light-frame (wood) walls sheathed B
with wood structural panels 6 3 4 20 20
1 -f. Light-frame (cold-formed steel)
walls sheathed with wood struc- £ 3 4 - 20 20
tural panels or steel sheets

© MIDAS IT Co,. Ltd

 Earthquake design of buildings (ductility design)

« Uniform value of R
factors according to
structure type regar
dless of design
parameters
(building height,
strength, etc)

* Verification of
performance is
required.



Background

« Earthquake design of
buildings (ductility
design)

« Uniform value of R
factors according to
structure type

» Regardless of
design parameters
(building height,
strength, etc)
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2. Building frame systoms

2-a.

Steal eccentrically braced frames
(moment resisting  column-link
connections)

2-b.

Steel eccentrically braced frames
(non-moment resisting column-link
connections)

2-c,

Steal special concentrically braced
frame

2-d.

Steal ordinary concentrically braced
frame

3.25

. Composite eccentrically  braced

frames.

a-f.

Composite special concentrically
braced frames

[43]

2-g.

Composite ordinary concentrically
braced frames

2-h.

Steel composite plate shear walls

6.5

25

a-i.

Composite special shear walls

2.5

2-1.

Composite ordinary shear walls

2.5

2-k.

Steel special plate shear walls

2-1.

Buckling-restrained braced frames
(moment-resisting  beam-column
connections)

2.5

2-m. Buckling-restrained braced [rames

{non-moment-resisting  beam-col-
umn connections)

2-1.

Special reinforced concrete shear
walls

2.5

-0,

Ordinary reinforced concrete shear
walls

2.5

4.5

GO
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Background - Equivalent Elastic Design vs Performance-based design

Elastic Analysis

ductility details

Member Design

/
|
I
I
I
I
I
: Reduced;g load &
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I
I
I
I
I
I
]
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Nonlinear analysis

Pg

Performance - Verification

PIE

Lateral force

Elastic behavior

In elastic
behavior
Elastic Design

Lateral displacement
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Background - Equivalent Elastic Design vs Performance-based design
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 Performance-based design is Lateral displacement

important for EQ design in which
verification of inelastic deformation
capacity is necessary



Background

 Performance-based seismic design of building structures

« 1st introduced in 2016 in Building Structure Design Code (current KDS 41 17)

 For structures that are difficult to apply conventional elastic design based on Response
modification factors (R-factor or ductility factor)

« For important structures that require multiple performance goals e S

* Guidelines for Performance-Based Seismic Design
of Reinforced Concrete Buildings (2021)

» detailed procedure of PBSD

* Guidelines for Nonlinear Analysis Modeling for
PBSD of Reinforced Concrete Buildings (2021)

» detailed modeling technique for nonlinear analysis

© MIDAS IT Co,. Ltd



Background  Contents of PBSD Guidelines
. General

—_—

Design Procedure

Basic Design

Nonlinear analysis model
Fiber model

Plastic hinge model
Nonlinear Static Analysis
Nonlinear Dynamic Analysis

O © N O Uk W

Verification of Performances
Appendix : modeling examples
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Procedure - Basic Design
of PBSD elastic analysis-based conventional design

i I ] d ' lysi ectrum analysis
Guidelines inear dynamic analysis (response spectru ysis)

response modification factor (R) corresponding to the
seismic load resisting system

Design strength according to current design codes

* Nonlinear static and dynamic analysis
behavior model (deformation-control, force-control)

material stress-strain relationship and member force-
deformation relationship curve

Nominal strength based on actual structural mechanism

* Verification of performance

interstory drift ratio for overall structure behavior

deformation and material strain for deformation-controlled

behavior, strength of force-controlled behavior
© MIDAS IT Co,. Ltd




Nonlinear
Analysis
Modeling

© MIDAS IT Co,. Ltd

« Behavior Model

Deformation-controlled behavior : Nonlinear model to estimate deformation demand

Force-controlled behavior : Linear model to prevent brittle failure

Force- Deformation-
Member type Deformation-controlle | force-controlled b % controlled controlled
P d behavior ehavior 7 VVV NN ° >
F
flexure shear nl -/T ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
flexure compression, shear Fua|
flexure compression, shear —
. D, br D,
coupling beam flexure shear _
Force- Deformation-
controlled controlled

« Requirement of behavior models to guarantee ductile behavior
Deformation-controlled behavior : high deformation (ductility) —
Force-controlled behavior : high strength with a safety factor T

01



Nonlinear * Model Type : Macro models for efficiency of analysis

AnaIySiS Fiber model (inelastic distributed model) :  Plastic hinge model :
wall and column column and beam

MOdeIing ; (line elements) l |

_ Elastic column element

Net (£l,and GA,)

f‘\ . story h,

| height
\E
|
Rigid link

/ Concrete model —

a

\ (a) Modeling elements
/

/ £ MY M, UL

/ a’f Hysteresis loop :—_ﬁt_ mY zf.giﬂMn
LZ k=Ep/E, u ="V

Shear span: |, ~0.5h,

Moment hinge element

7 (M-8, relation)

Steel model

SR

CS/ Perform 3D
(b) Hysteresis model for moment hinge element

© MIDAS IT Co,. Ltd



Column : double curvature

. single curvature

Wall (plate)

Fiber Model

o ——

_/ ucmc._oEM\m:BmE:u
Buipuag

Steel model
\_-------_,

Concrete fiber

(b) Elements

(a) Plan

Rebar fiber

[ = = = = = o = = = = ===

+

-l
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Plastic Hinge * Plastic Hinge Model : beams, columns, beam-columns, walls
Model —

- Soize e
h - & 7|5 25
5 o TEIA
Ala— ’ 2 .
—3| «— hr E
. M M.
"""""""" A L . L,
L ’ L2
Inelastic spring Elastic beam Inelastic spring I,’—Q ----------------------------- -N\\
/ — \
b 1
M M ! 4 :
4 I 4 : <& a | I
M, [ | _ oMb , !
iy | = 4y + I {0 S I
A k, i A k, I | [
| ' .
f > 0= ‘ ! I
|
% 0.+0, % I L€ :
Plastic hinge model Elastic beam Inelastic spring : A :
|
I yield limit ultimate :
1 ]
\ /

L
4
D
)
D
D
o
-
>
S
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Plastic Hinge

Model

Considering the effect of concrete cracking.

» Effective Stiffness for elastic region

Flexural stiffness Shear stiffness Axial stiffness
Beams’! 03E1, GAy
l
columns? 03E.l, < (n+02) (ﬁ)b}!g <07E, Gy EA,
Walls without cracking 070, Gy E4,
Walls with cracking 0.35E.], 0,564y, E4,
) N |
Coupling beams® 03E1, 0‘04(5)@4", <Gy
diaphragm?® 02564, 025E.4,

Flexural stiffness Shear stiffness Axial stiffness

Beams" 0.3E.I, GAy -
o | 0351, < 1+ 02C0R, <078y, | GAw oy

| DOLclg = (1) )G/ telg = U Eclg g

Walls without cracking | 6 ;O-E-ng ---------- ) GAy, E A,

Walls with cracking 0.35E1, 0.5GAy, E A,

_______________ N
Coupling beams? 0.3E.I, i{ 0_04(711)GAW < GAy i -
diaphragm? - 17TTT0256A, T 025E.4,

1) Non-prestressed beams
2) n = axial compression ratio, [y = shear span = 1/2 column height, h = depth of cross section

3): | = beam length

h = beam depth

1) Non-prestressed heams
2) n=axal compressionratio, Iy = shear span = 1/2 columnheight, h = depth of cross section
3): | = beamlength h= beamdepth

© MIDAS IT Co,. Ltd



PIaStIC Hlnge * Definition of Deformation Capacity :
MOdel . Beam intersection between shear demand and shear capacity V, = V,

[mode 1] - force controlled behavior

A Shear failure before flexural yielding
Shear capacity
+v.
- __|_/C___Ié'_ e degradation curves 0
- AN /// Q_ b
8 \\ Vd < a |
© | N, [mode 2]
S Shear failure after flexural (R —
c | \ 5 . :
S | Vd > yielding
g | N Vs
| smmmmmmm— c
3 | A i
Q . .
v | ﬁ [Fr|“°de|3f] 'I e yield mit  ultimate
| exural tallure without shear failure
| 0 orA
| ) 6, <6,
1=10 u= A/Ay

Displacement ductility

© MIDAS IT Co,. Ltd



Plastic Hinge

MOdeI * Beam  Definition of Deformation Capacity :

intersection between shear demand and shear capacity

Shear capacity,

A
Shear failure | | .
fter flexural exural compression
iBurekling of re-bars
;g
< 0O
wn L Fracture of re-
V, bars
Shear |
demand,
. S A A 4 .
Esc Eu Ep G &,

Compressive strain at the extreme
compression fiber of the critical section

KDS, ACI 318-13 V. = 1/6Vf.b,,d

© MIDAS IT Co,. Ltd

=V +V Ve = ksfibwc, cotg (z_o)

Compression zone failure

,,,,,,,,,,,,,,

V.

n

Vs

Apfyed
S

mechanism under shear




Plastic Hinge
Model : Beam

© MIDAS IT Co,. Ltd

Verification of shear strength model before flexural yielding:

KDS 14: current code ACl 318-19
4 _ 4
Mean: 1.46 .o . Mean: 1.45
COV: 0.341 a AR ’ i COV: 0.246
FP:4.97% R 3 : FP: 0.51%
. O S oo,
8oy o H
1 A % o*
0 0 | | |
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
oo T —— - S ———— — ~ P
g A
" PBSD (KDS 14: next version) Y EC-2
| 4 1 4
Mean: 1.30 | i Mean: 1.04
COV: 0.134 | 31 I 34 - - COV: 0.231
FP:0.38% I - L s FP: 4.59%
IS 2 S : = 2
: n by %I s : S :
I m]’ gre ¢ : .0 g
AL P O
: 0 Il 0 . .
\\ 0 0.02 0.04 0.06 0.08 / 0 0.02 0.04 0.06 0.08
\N___________‘IrJ —————————— —’, r

FP indicates failure probability: each test data is assumed to the failure case when its strength ratio is less the 0.75.




Plastic Hinge
Model : Beam

Modeling parameter Allowable limit
Plastic rotation (rad.) Residual occupan| Life CoIIap;e
strength preventio

cy |[safety

a b C n
1. Shear failure after flexural yielding (non seismic details)
. _ >
Determined by & Min(ey e Ecfr Eptr Esc) ga < 0.03
c — @ylln (Lf — o)y 0 a/3= a b
otherwise <002 u Cy Y 0.0017
= < (2a, 0.03)
2. Shear failure after flexural yielding (seismic details)
Determined by & [min(euz, Ecfr Ebb Esc) 1l B a 0 a/3= 3 .
otherwise Cu Pylin (C— — @)l <2a 0.0035
u
L ¢ b
eunc, = flexural compression failure o, | K —
g, = rebar fracture 1073 3
g, = rebar buckling \_LC
gsc = shear strength degradation 4 >
© MIDASIT Co,. Ltd yield limit ultimate

O orA




Plastic Hinge
Model : Beam

Simplified modeling parameters available for p,> 0.0015,s/db < 16, and L/d= 6

Modeling parameter

Allowable limit

Plastic rotation (rad.) i?;f;ta}l occupan| Life CoIIapge
2 5 c cy |safety|prevention
1. Shear failure after flexural yielding (non seismic details)
cu/d 0.007 | 0.02 0.03
<0.1 0.02 0.03 0.005 | 0.015 0.03
0.15 0.015 0.03 0 0.0017 | 0.005 0.013
0.25 0.005 0.013 0.0017 | 0.005 0.005
> 0.3 0.005 0.005
2. Shear failure after flexural yielding (seismic details)
c,/d
<0.1 0.034 0.045 0.012 | 0.034 0.045
0.2 0.022 0.045 0 0.008 | 0.022 0.045
> 0.3 0.01 0.02 0.0035 | 0.01 0.02

© MIDAS IT Co,. Ltd




Plastic Hinge

Model : Beam

© MIDAS IT Co,. Ltd

Simplified modeling parameters available for p,=> 0.0015,s/db < 16, and L/d= 6

Parameter a

Parameter a

0.08

0.06

0.04

0.02

0.06

0.04

O Proposed model

— Simplified table

& ASCE 41-17 model

(for ¥/ b,dyff, <0.25, 1, is in MPa)

& B,

0 0.1 0.2 0.3 0.4

Parameter b

0.08

0.06 -

0 Proposed model

— Simplified table

# ASCE 41-17 mods] (for 1/ !:'”-:f‘,m <0.25,
Sy is in MPa)

0.04

0.02

0.1 0.2 0.3 0.4

(a) RC beams with seismic details

O Proposed model

— Simplified table
# ASCE 41-17 model
(for Vi b dff, <025, F, is in MPa)

0.1 0.2 0.3 0.4

Parameter b

0.06

0.04

O Proposed model
— Simplified table
# ASCE 41-17 model
(for ¥/ bd ff, <0.25, f, is in MPa)

0.02

0.1 0.2 0.3 0.4

(b) RC beams without seismic details

01



Plastic Hinge
Model : Beam

© MIDAS IT Co,. Ltd

 verification

200 (o} 180 o ai -
(+) direction +) direction
-30 4
150 A . UL failure mode -50 4 ',:“S‘C_’”f‘illure mode
< 120
-100 - -80 1
[ 60 - 130 FUEREE
-150 4 i - k| R R S iy
UL failure mode SC failure mode
(-) direction (-) direction
-200 o -180
o 0.02 0.04 0.06 -0.06 -0.04 -0.02 o [o] 0.02 0.04 0.06 -0.06 -0.04 -0.02 o
Rotation Rotation Rotation Rotation
(a) BA2 specimen (b) BA3 specimen
200 - - (o} 200 - - o
(+) direction (+) direction
150 A UL failure mode 50 A 150 4 UL failure mode 50 4
— T
= R
=< 100 A -100 A 100 4 -100 -
—=
50 -150 1 UL failure mode 50 4 -150 1 UL failure mode
-) direction -) di i
o -200 © o _200 (-) direction
0.02 0.04 0.06 0.08 -0.08 -0.06 -0.04 -0.02 (o} o 0.02 0.04 0.06 0.08 -0.08 -0.06 -0.04 -0.02
Rotation ) Rotation Rotation B Rotation
(c) BA4 specimen (d) BAS specimen
- - (o} 200 o T
(+) direction_ (+) direction [ S,
150 UL failure mode 50 A 150 - -50 1
F :“v’j”}‘_ SC failure mode
-100 A 100 3 "': -100
N
-150 1 UL failure mode 50 ~ % ,’; : -150 1 scC failure mode
-) direction FOiS Temsms=—— 2 di i
200 () o 1E 1\ i H 200 () direction_|
0.06 0.08 -0.08 -0.06 -0.04 -0.02 (o} o 0.02 0.04 0.06 -0.06 -0.04 -0.02 o
Rotation Rotation Rotation Rotation
(e) BAG6 specimen (f) BA7 specimen
200 - - o 200 - - o
(+) direction (+) direction
150 4 UL failure mode 50 A 150 4 UL failure mode 50 4
= %
—
— 100 - -100 A 100 4 -100 -
=
50 - -150 1 1 failure mode 50 1 -150 1 UL failure mode
-) direction N i .
o 200 ) o 200 () direction
o 0.02 0.04 0.06 0.08 -0.08 -0.06 -0.04 -0.02 o o 0.02 0.04 0.06 0.08 -0.08 -0.06 -0.04 -0.02 o
Rotation Rotation Rotation Rotation
(9) BA10 specimen (h) BA11 specimen
200 - - o 300 - - o
(+) direction (+) direction
150 4 UL failure mode 50
. -, .a3 - 200 A UL failure mode -100 A
= | Tt A
=< 100 A -100 -+ N
== A
o 150 4 . 3 100 H -200 A UL failure mode
50 A - UL failure mode
. (-) direction (-) direction
o -200 (o} -300
o 0.04 0.06 0.08 -0.08 -0.06 -0.04 -0.02 (o} o 0.02 0.04 0.06 -0.06 -0.04 -0.02 o)
Rotation Rotation Rotation Rotation

(i) BA12 specimen

() HB4-6L-T100 specimen

ASCE 41-17



Plastic Hinge

Beam-Column Joint

I
Large —_ I

column _____] .
Model : depth [ |

odel :
} 1!
I
l
—

I

© MIDAS IT Co,.

- Large bar-bond resistance
- Large joint shear capacity |

-V, (Joint shear

/

capacity)

-~
-~ — -

A— Vju (Joint shee!r
demand)|
Beam flexural failu

Joint shear load

Lateral drift ratio

(a) Large column depth I

moderate —
column ___f~-
depth < A »

AW 7 MY

-«—

- moderate bar-bond
resistance

- moderate joint shear
capacity

A

Joint shear load

»
»

Lateral drift ratio

(b) Intermediate column depth I

Ismall —_
Jcolumn -]
Idepth A
Tt
I /
|
| -—
|- Small bar-bond resistance
I- Small joint shear capacity
|
A
I'%
18| —V
» L ¥ n Ve Vju
Ig RN »
2 \
IE Joint failure
I8
| Lateral drift ratio

(c) Small column depth

—_—
column ---.|
depth A,
AN W)
%] Cross
beam
—

- Small bar-bond resistance
- Large joint shear capacity

Joint shear load

v

Lateral drift ratio

(d) Small column depth
with cross-beam

Focusing on joints at building perimeters with both joint shear damage and beam damage
In most cases, plastic beam deformation is accompanied by joint shear damage.

Ltd



Plastic Hinge
Model :

. In most cases, plastic beam deformation is accompanied by joint shear damage.
Beam-Column Joint P P yJ g

ir\- ::::':/Joint spring A —>{"{ "} = Rigid element =>{ | | @ Rotational
i p E.l | | — Elasticbeam- E_I spring
\J{b i column element element
L &
i > | inh i i
H. | ¢
Explicit joint model Offsets for implicit joint model I A L, A L,
(for inelastic analysis) (for elastic analysis) ; [ ' ; /2
ASCE 41 model (Separated model) PBSD model (Unified model)
Independent model of joint shear Combined behavior of joint shear
deformation separated from beam deformation and beam plastic
plastic deformation deformation

© MIDAS IT Co,. Ltd



Plastic Hinge
 Shear strength model of ACI 318
Model :

) . V. (=0.0837.[f bnh No specific contribution of shear reinforcement
Beam-Column Joint ’”( A C) No strength degradation

* Proposed model

a. = lateral confinement factor ( 1.0, 2.0, 2.5)
Vi, =V +V; = aa, fbh +min( A f, 0.65Af))

a, = deformation degradation factor

| by + b h
. . . (5 C
Diagonal strut Truss bs = effective width = min|————, b, + =
mechanism mechanism 2 2
P e L i
C,, = ﬁ d A, H{ ————— Compression h o o
i l' =2fe Bo field V, $b Al 1A 5 o3 - ,
=L le,, Af, it ST 00 - C, =
’ HESPA H “ A
o e Ymem (o T An Al o Y =T ] len FLOF T T
i e 4’I i € i i
c . <0 /. —af ' j [ | hb
2o o i e T S [
****** Diagonalstrut V, c A, ) ‘ho_ 1/ A‘ ’ * ’ h
I =c¢ +d'!COt6' ey Flﬂ-\ocgéA;S,"f L ) ’-/2 ) EI‘EH 5-B
| n o
© MIDA! «—v,



Plastic Hinge
Model :

Beam-Column Joint

* Joint shear capacity degradation

V,, =V, +V; = aa, fbh +min( A f, 0.65Af))

c™s "ck

Strength degradation factor for interior joint

0.11(6- )(, +0.2)
o =
S 100y, |+1.6

Joint shear deformation (a part of 67 )

_[E _8y|- 3-5k
T\ 20 Je—3h, /L—3n /H

© MIDAS IT Co,. Ltd

Joint shear deformation at joint shear
capacity = joint shear demand

| PartA V., Detailed model
N > before bond failure

& |
Lateral / |
|
load ¥ I 4. Case 1
] |
E,: for 3@load cycle Joint shear | Limitation g;< ap,
demand V
atd=+35% “ >~
[——1— 7 = 4. Case 2
K= i ‘r’ . : ~
E. / Cvclic | Part B )
Pt curve E, / | Detailed model
}! l after bond failure
4 >
/ ] 3% Story drift ratio
/ or joint shear distortion
EBP : Ide:?llzed elastl.c—p_:erf:.actlv 6T
|, plastic energy dissipation

Joint shear strength degradation



Plastic Hinge
Model :

Beam-Column Joint

Joint shear
deformation
at joint shear
capacity =
joint shear
demand

Joint shear
deformation
at bond
failure

© MIDAS IT Co,. Ltd

e Joint Deformation

Allowable limit

Modeling parameter occupancy Life safety Collapse
prevention
""" |
1 11a.(6— 0.2)f.xbsh
! 0< ac( B)(Bc‘l_ )ck S C—16]Sam
Interior joint (rad.) 1050 Vu—Vr
| by 3 +001 0.5 by 0.7 b;
0.0
| 1 28a.(3- 0.1)fbsh < 3 2 3
| a; 0< [ oc( B)(Bc + )fexbshe —8]<an J )
Exterior joint (rad.) 1050 Vu—Vr
______ | b a; + 0.01
Max. a (rad.) am 0.03(1 — 0.1i) > 0.01
apb
_ _ 1-0.45(hp/Lg) 1—-0.45(hy/Ls)
a at Bond failure | apy, atfy(K 0.13)(3 - 5K) 3400 aty (k= 012)(3 = 51) 3000

(interior)

(exterior)




Plastic Hinge
Model :

Beam-Column Joint

a= ajt+ar

b= b; + by b =

Energy dissipation factor

Jf
K=0.15S0.8£ * £ 0.05<05 k=0.15<1.56"

d, f

« Deformation of beam affected by joint damage
(penetration of yielding of beam rebars)

overall deformation = joint shear + beam end

Vv, =V, 15
. ST T [
Limited by beam damage b +b J g Cyclic curve 7f,' " By Hfor 3 load cycle
3+ 5k 0. . F 0 / | N at5=435%
aj < amf Beam jy§ } ; -35% )/ E, !
3 -5« moment “2 . a,+a, | : 1t
3+5 M, =55 5 N 7 £, kgt
Kb <pb o.om, | JEY N ot ) E,
3-5¢ 7™ T F1P
p (a) Definition of energy dissipation ratio
_ _ 008 0.8
IEOI‘ K= 82’ ar = E‘?j 0 © 06 (b) Interior beam- 06 (c) Exterior beam-
or K= 4, ar = a: . c Y9 ] . . 0 1 ..
f Ji Rotation angle S 04 | columnjomtsga&’ 0 | column joints -
s ' Oﬁz
%02 0.2 A &
%o.o . . . 0 r r r
| f g 00 02 04 _06 08 00 01 02 03 04
Nk | 006<05 = (he/d,)(VE /1) (/) (VE/5,)
f
b y

y

Bond-resistance parameter

© MIDAS IT Co,. Ltd



Plastic Hinge

Model :

Beam-Column Joint

ASCE 41 overestimates
the deformation
capacity of interior
joints showing large
bond-slip due to use of
high-strength bars and
large diameter bars

© MIDAS IT Co,. Ltd

EEHE(kN)

* Verification for Interior joints

ASCE 41-17

400 4] 600 o o
Hwang - C1(P) Hwang — 52 (P)
,£ = ™ ‘I‘,., i
200 i -200 300 A -300 -300
Hwang — 52 (N
] y Y -I 400 o -600 -600 T g T { ? J
4] 2 4 3] B -8 -6 4 -2 -8 -6 4 -2 /
600 0 600 0 —epr 0 r— .-
Hwang — 53 (P) Pl sy y {
o T / 5 -__]E_l_i‘i,s‘.é
300 A -300 A 300 4 -300 -150 4 e oy Wl P
Teraoka — NO43 (N)
1] -600 o -600 -300 T T T
] 2 4 5] 8
300 o 200 1] 1]
150 4] aso { Ly | BULRE 1100 - 1150
Hayashi—NO43 (N)
1] -300 1] T T 200 300 T T T
300 0 ] 2 4 6 8 0 - 0 -8 -6 4 -2 i)
Hayashi —NO47 (P
vas? ?) iV ,:/
150 -150 L1501 400 A {
Hayashi— NO46 (N) i Sugano — J4 [N)
0 300 : : : 0 300 Ha\,flashl . NO::]-? (N
-8 -6 4 -2 ] 8 -8 -6 4 -2 ] ] 2 4 ]
800 0 G 500 0 - -
400 am { | 7 A a00 i Jaoo -
Tl OO O
0 Frdmipipii) s00 4=uganoJe () | . 800
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Plastic Hinge
Model :

Beam-Column Joint

ASCE 41
underestimates the
deformation capacity
of exterior joints

© MIDAS IT Co,. Ltd

(kN)

(kN)

Ko
ic
il

(kN)

it
e}

[Tl

(kN)

400

200

100 A

* Verification for Exterior joints

Hwang — T2 (P)

Hwang — T3 (P)

o

Ehsani—2 (P) )

4 -2 o

Kaku

—fezit

/

—-'ZJ{N}

4 1]

7

o

it k

ASCE 41-17

PBSD



Plastic Hinge sheat span .l

Ly,
Model : column T T

20 K T
’- Net leeight

|<— CT—>|

 Shear strength

N d 3 - -
V. =017| 1+—~ |{/f, bd and V.=f A — _ph: | —2°
c ( 14Ag] ck s ytA\/S A, =bh; |g—12 -
. . A-A section T
« Compression ratio and shear span |
. |, =0.5h TE
n= = U. I I
fckAg S 4 .
:!ast|c< ) }_ 77777777 \i:ililigrhent hinge
- Effective stiffness, yield deformation ne=T ~ (zero length element)
I : N
El, =aEl, where a=(7 +O'2)(4_Shj (0.3<a<0.7) Eastic N _ Beam-column (M)
|, ~shearni
6 = A, = Yy or V_y Plastic  f——— of | o
Yo 3EI/ K, hinge<h -
© MIDAS IT Co,. Ltd I :



Plastic Hinge
Model : column

1.00

l
0.3E.l, < (n+ 0.2)(4—2)E61g < 0.7E.l,

0.80 -

Reduction factor a

0.00

0.60 A

040 H

0.20 A

o

-

ASCE 41

<" ASCE 41

Al =
=4

N
f;.'-z ‘{E

}F’:

0

© MIDAS IT Co,. Ltd

» Effective stiffness

a=n+02
17 (032a=07)

1700 HAIE FELEO
o 2 EAE

02 03 04 05 06 07
Axial load ratio n

Reduction factor a

« Effective stiffness of column depends on
compression force ratio.

1.00

0.80

0.60

0.40

0.20

0.00

shear span ratio as well as

[FA A REZEO
[}

FOrE 7 of Haotol

&7

Shear span ratio

i o
F o onYmy| O
L |
[ =035 i e | /%,.-—*
I =y .8‘"‘
i ,E/ff
I -~ 8 Others: 7=0.1~024
B [/h

i i i i I i i i i I i i i i
1.0 3.0




Plastic Hinge
Model : column

@ Failure mode 1 : shear
failure before yielding

Vo+V, <V, V, =M/l

@ Failure mode 2 : shear failure after flexural yielding

Shear demand/capacity

V. +V 2V, and V, <V, - » Shear resistance index
I\ v, -V, i .
5-3 7 for seismic details A
§= ¢ and 6, =—==
vy, —Vs L ) l
7 4-2 for non—seismic details
- Ve

® Failure mode 3 : flexural failure without shear
Yailure>V and V, >V,

5 for seismic details

Aq
= o . and 6, =— = pué
C’ H {4 for non—seismic details e =T T

@ Failure mode 4 : compression sliding failure

© MIDAS IT Co,. Ltd

« Deformation capacity according to failure mode

[mode 1]

A Shear failure before flexural yielding .
Shear capacity

_______ \ ///____ degradation curves

N s

s

v I3 V2
¢ \/ [mode 2]
Shear failure after
\\ flexural yielding
IR A N
A
[mode 3]
iﬁ Flexural failure without
/4 shear failure
u=1.0 u=AlA,
Displacement ductility
a=0,—6, V. +V, 2V,

* Modeling parameters a and b are
determined by yield rotation and ductility



Plastic Hinge
Model : column

V
_" 2
K, =3EL/I, Ultimate point at onset
B /Yield point v,, € of post-yield shear failure
aV,|-—- —Q or flexural failure
PBSD ; | / Y
2 | T
2 | 05 =ad, =a£=aM"'i: h
£ | : K, 3EI I,
F t = : (03E1_ <EI <0.7E.1) N l
£ € N
unction 3 om0t
Of d ucti | |ty : 55 - 048 Failure point at
A ! MU 464NV, E axial load failure
Nt
3, 3. 5. &
Lateral drift ratio (%)
(a) Proposed method

TE a b c

V, +V, <V, ; _ ]

V, +V, 2V, 6, -0, 6,-6, ]

- V. M.
Oy =08, =a—t=a—=L= v v
K, 3EI, 5—3[ yV SJS5 for seismic details
c

(0.3E.I, <EI,<0.7E_I,)

5{: ZJUJE(S‘T < O'S(im'

- 0.48
© MIDAS IT Co,. Ltd Op =0, ==

46+N/V,

S

=
I
SN
!
N
VD
<
!
<

] <4 for non-seismic details

« Deformation capacity according to failure mode

V
Kosscr =3EL y5cp ! ,152
Yield point v, C
VM——-B iz =0 Ultimate point
i | /o | ASCE
@ | Modeling parameters |
. | @& b and care I
£ | defined in I
= | ASCE/SEI 41 Sec. 10. | Failure
] | | \D E point
| ‘ | 7
|
b | 1 CV_.‘I.I
A I | |
Oy fos S )

Lateral drift ratio (%)
(b) ASCE/SEI 41

Table 10-8. Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—Reinforced Concrete
Columns Other Than Circular with Spiral Reinforcement or Seismic Hoops as Defined in ACI 318

Meodeling Parameters Acceptance Criteria

Plastic Rotation Angle (radians)

Performance Level

Plastic Rotation Angles, a and b (radians)

Residual Strength Ratio, ¢ 10 LS CP
Columns not controlled by inadequate development or splicing aleng the clear height®
Nup Ve ) 0.15 a 0.5 b° 0.7 b°
a= (0.042 - 0.043 —— + 0.63p, — 0.023 =00
( Aifrg oo Voooe £0.005
For Mo cgslpo 05 50154
Ayl 5 4 Nup 1 "ciE
0.8A,f.c pr fue
c=024-04 N“P >00
9'cE
Columns controlled by inadequate development or splicing along the clear height®
ae (1ofye) 200 0.0 05b 07 b
B (E' F’rfyrE) <0.025°

N >0.0
b= (o_mz —0.08548 | 129;9) >a
Ay <0.06

c=0.15 + 36p, <04




Column shear V

Plastic Hinge
Model : column

VnS - 77Vc +Vs -/

\ /

- 4 ,/S/eismic shear capacity
degrading with deformation

/Load-deformation relations of
/" failure modes (1), (2), and (3)

U

(2) Post-yield shear failure

(1),
Brfttlfe shear failure
|

T
=1
: |

(3) Flexural failure

u=s/s, | U, =o0r4
| .

S, (up) () S(u)

Laterall drift ratio & (displacement ductility u)

© MIDAS IT Co,. Ltd

 verification

Flexural failure
without shear
failure

Failure mode ®

Shear failure
after flexural
yielding

Failure mode 2

Column shear V(kN)

Column shear V (kN)

800
600
400
200

-200
-400
-600
-800

400
300
200
100

-100
-200
-300
-400

— Proposed

== ASCE41-17 "Firybs
— ASCE41-13 ¢
—=Test . _.—23

dt n-017
I./h =30
K = 0.453

-8 6 4 -2 0 2 4 6 8

Lateral dnift ratio & (%)

-8 6 4 -2 0 2 4 6 8

Lateral dnift ratio & (%)

Column shear V(kN)

Column shear V (kN)

800
600
400
200

-200
-400
-600
-800

400
300
200
100

-100
-200
-300
-400

2 4 6 8

8 6 -4 2 0

n=024
[./h=30
K =0.151

-8 6 4 -2 0 2 4 6 8

Lateral drift ratio & (%)



Plastic Hinge
Model :

. Deformation amplification
Coupling Beam

g _ ¢,6,+(l,—c,)0, N p
b l, A

« Deformation of coupling beam

POz

] .
Shaar W kM| W =211 15 kN

200§

103
6,.6,, :Rotations of coupling beam and wall

I,.1,, :Lengths of coupling beam and wall

_ 6, +(1, —¢)0, ,\,11_‘-9‘ Deformation angle

~

8 W .
’ I, I, of coupling beam

Folation 0, (2107 rad)
b

Feotation 4_ (10° rad)
e i

© MIDAS IT Co,. Ltd



Plastic Hinge » Effective Stiffness

Model :

Coupling Beam |

PBSD El, =03El, and GA =0.04| - |GA,

ASCE 41 El, =03El;, and GA, = GA,,

~- 0.5
__ Flexural . C K, 03
deformation E I a’f_K = A%
o g 04 T 7 1+20(]
6, =—— 2 - !
BK, b 03 & Test results s
P [ e+ 0() o .
__Shear = ' AT
deformation = 02 o:/’ o o
M e o i ag ¢
: £ 01+ . -® 3
BK, e C %!‘ e °
quj qL/i,
Total M M M O'O ||||I||||I||||=||||
chord ¢=0,+6, and X 5K +,8K 10 20 30 40 50
rotation A A Aspect ratio /4
_._-‘;_‘H- 9: ,___.-._'_.;-.‘-'—-' 8:
grfj"’l)M K, BDS’/IL‘)M oK,

(a) Combined behavior

© MIDAS IT Co,. Ltd

(b) Flexural rigidity only

Effective stiffness factor a;

0.20

0.15

o
a
o

0.05

O'OO -||||

T 8 Test results
[ e g‘{) *( 00
O g4 Oe &
el
@ 5 ~~

10 20 30 40 50
Aspect ratio //h

QI{ﬂLgM - ali

(c) Shear rigidity only



Plastic Hinge

Model :

Coupling Beam

© MIDAS IT Co,. Ltd

 Yield deformation

M

n

1+20(h/1)’ M

0.3

6E.I

1+20(h/1)

{

gj:

1.8

E.l,

3.0
N K M,
N Mf 7amed 6ch
9. | B (24
y.pred C | Test results_ F o
ew'iesr [ I e(+) 0(9 o, = 03 3
2.0 ":_r' 'QUM - 1+20[?]
¥ C o© : ' '
g : ) C@ O 8 “ ‘
£ 10 —rg“ . " ’
= X g : § O
o 3 S | .
& r©
e m=10.97
. o/m=0.26
0.0 I : L1 1 1 : L1 1 1 : L1 1 |
1.0 2.0 3.0 4.0 5.0

Aspect ratio

I/h



Plastic Hinge * Plastic deformation (based existing test results)

MOdeI . Design parameter Modeling parameter Allowable limit
Coupling Beam Lateral
. . _ . Collapse
Reinforcement detail reinforcement a (rad) b (rad) C Occupancy| Life safety _
_ prevention
ratio
seismict NA 0.030-8, | 0.050-6, 0.80 By a b
Diagonal pe = 0.003 0.030-8y 0.050-6, 0.80 Oy a b
Non-seismict
Pt (0.003 0.020-6, 0.035-6, 0.50 0y a b
seismict NA 0.025-6, 0.050-8y 0.75 By a b
conventional:
v, <V o pr = 0.003 0.020-8, 0.035-6, 0.50 0y a b
y Non-seismict
P 0.003 0.015-8, | 0.035-6, 0.25 0y a b
conventional:
All cases All cases 0.008-6,tt | 0.014-6, 0.20 NA a b
Vi) Vi

Vy, = shear force corresponding to flexural yielding (= % ) M, = flexural strength of coupling beam 1 = net beam length

© MIDAS IT Co,. Ltd V, = shear strength of coupling beam  p; = lateral reinforcement ratio



e Verification : conventional reinforcement

Plastic Hinge

Model :

Coupling Beam

© MIDAS IT Co,. Ltd

150

Lateral load P (kN)

1 1 1
P [o%] —
(%) (=] (%)
= =T -]

]
o
(=]

d)

]

Lateral load P (ra
2
[==]

-200

Chord rotation & (rad)

TR

r’A

Chord rotation & (rad)

(b) Muguruma and Kinugasa 1990

Chord rotation & (rad)

Chord rotation & (x0.01 rad)

= - T =
. =T . h I
= “ | % DERRRRnnnnnn ‘
PR o e L
= <[~ 4] La (Pr—
"OA{waII face) b-b, | —] A, =min{d,.A4,)
‘ ! | A-A section (wall face) A-A section
(a) Diagonal layout (X-type) (b) Conventional layout
[—8%—>
450 450 450
- = - =z . z -
M =05PI § 300 | M=05P] § 300 | m=o05pPI < 300 | mM=o05PI
— 2 — — —
[=1218 mm Q. 150 [=1218 mm . 150 [=1,624 mm . 150 [ =1,624 mm
8, =0.035rad - 8, =0.035rad - 8, =0.035rad o &, =0.035rad
- [4%] 0 [14] 0 et [4%] 0 L1 I L1 I =,
o] o] K}
===Test _ ==-Test _ _ 7 =-==Test
—Model © -150 —Model © -150 g -150 2 —Model
@ @
HB3-6L-T100 o -300 HB3-10L-T50 s -300 HB4-6L-T100 E -300 HB4-6L-T100
k=0.255 - k=0.236 - k=0.340 k=0.311
-450 -450 -450
6 4 2 0 2 4 6 6 4 2 0 2 4 6 6 4 -2 0 2 4 6 6 -4 2 0 2 4 6
Chord rotation @ (x 0.01 rad) Chord rotation & (x 0.01 rad) Chord rotation & (x 0.01 rad) Chord rotation & (x 0.01 rad)
(a) Xiao et al. 1999
|
200 200 400 400
M=05P [« M=05P] e8> M=05Pl  |[«&»| . A = 0.5P] 16, M= 05PI
[ =1200 mm > [=1200mm | 1=1200mm | = Ky _
N 100 T 100 -+ = 200 [ =840 mm, | 200 [ =980 mm
&, =0.035rad 8, =0.035rad || 8, =0.035rad | N 0. —0.022md
. ¥, d — L
e
0 0 ® 0 0
= —-Test ; —=-Test L ==-Test — —=-Test ]
M — — I 4] —_—
N Model 100 i Model 100 i Model S 200 Model 200
- I BA4 = [ BAS5 [ BA10 o NHPL13
- k=0.364 - k=0.364 - k=0.349 - k=0.194
-200 -200 -400 -400
-0.06 -0.03 0 003 0.6 -0.06 -0.03 0 003 0.06 -0.06 -003 0 003 0.06 6 -3 3 6 6 -3 0 3 6

Chord rotation & (x0.01 rad)

(c) KanaKubo et al. 1996



* Verification : diagonal reinforcement

Plastic Hinge

Model :

Coupling Beam

© MIDAS IT Co,. Ltd

Lateral load P (kN)

Lateral load P (kN)

Lateral load P (kN)

= “—/:
= «
! \;; EE o
AT T L 2
b, —I [P—
"'A (wall face) ‘ Ay=4, =4, A, =min{d,.4,}
‘ !4—‘ A-A section (wall face) A-A section
(a) Diagonal layout (X-type) (b) Conventional layout
400 I“_%J_NI 400 |<—3a-*1—>|
M =05PI N e M =0.5P] M 4
500 [ =1,000 mm ' 200 I
8, =0.021rad ,-;"( ] /i i .
- ! e
0 > 0 |
_200 _200__| Unloading
— S-No.3 stiffness _P,]
k=0.444 k=0.447 factor:
-400 -400
-30 -20 -10 0 10 20 30 40 -30 =20 -10 0 10 20 30 40

Lateral displacement 4 (mm)

(b) Shimazaki 2000

800

400 400
200 200
0 0
-200 -200
-400 -400
6 -4 -2 0 2 4 6 6 -3 0 3 6
Chord rotation & (x0.01 rad) Chord rotation & (x0.01 rad)
(a) Kanakubo et al. 1996
800 800
M =05PI I 2 M=
[« IK-No.1 M=05P]
[=800mm | _ k=0.493 [ = 800 mm
400 {4 —0.024rad g 400 | 4 —0.024rad
O ||||| } ||||| 0
i
-400 -400
-800 800
006 -003 0 003 006 009 -006 -003 0

Chord rotation € (rad)

Chord rotation @ (rad)

0.03

IK-No.2 M =05PI IK-No.4

k=0.443 [ =800 mm k=0.428
400 | 5 —0.0241ad

(with slab)
TR I 0 L I_I il I

-400
-800

0.06 0.09 -0.06 -0.03 0 003 006 0.9

Chord rotation & (rad)

(c) Ishikawa and Kimura 1996

Lateral displacement 4 (mm)

Hysteresis loops
(CSl Perform 3D)

300

. M=0.5P] |
g 200 |I=600mm
Q100 G; =0.039rad
3
3 0
© -100
i
5 -200
—
-300

8 6 -4-20 2 4 6 8
Chord rotation € (x0.01 rad)

(d) Galano and Vignoli



Plastic Hinge
Model : Cyclic

Curve for Time History
Analysis

 Energy dissipation based cyclic model

€ By controlling energy dissipation (i.e., area of hysteresis loops), the overall

shape of cyclic curves and unloading/reloading stiffnesses can be

described with reasonable accuracy.

Mﬂ M“ M E':Ier.gy .
M dissipation
/ ! ratio
/ /] A ﬂ
> ;'/’// / = = - —¢ f
] /

{D / o I A/ o 0 Note: CS/ Perform

| _Energy \ Limited \ _ Severe 3D separately

dissipation pinching pinching models elastic and .
(shear slip) plastic deformations Ié\_gﬁslé‘;:ﬁ;ls loop
High without Moderate with Low with using difrerent stiffness fgctor
X } o . . . : elements.
pinching limited pinching severe pinching

(a) Classifications of hysteretic energy dissipation

© MIDAS IT Co,. Ltd

= +1)

(b) Energy-based model in CSI Perform 3D



Plastic Hinge
Model : Cyclic

Curve for Time History
Analysis

sw2
1600
Initial loading A
."-'\.
Subsequent
—_— cyclic loading
=
|
=
=
= 0
@
E
L
Axial
COMmpressive
D force = 0114,
=TE00
0.0e 0 0.01g

Curvature(/m)

© MIDAS IT Co,. Ltd

* Energy dissipation mechanism

« Most of energy during cyclic loading is dissipated by steel reinforceme

nt (plastic material) rather than concrete (brittle material)

oy - - — — T

Left boundary Web Right boundary

(crack

: {crack
_Eopening) F

B opening} c©

Reinforcing bars at the left boundary, the web, and the right boundary

Reinforcing bar element



Plastic Hinge
Model : Cyclic

Curve for Time History
Analysis

E.,, =(Mp + M )(6, +6, —20,)
where
6, =1.70¢ 1 /h for beams,

2.12¢ 1 /h for rectangular columns,

2.35;;ylp / D for circular columns, and
2.00gyIp/h for walls

Priestley (2000). Performance based seismic design. (WCEE)

Beam with Rectangular cross-section

_ A,
E, =4R, f A, = [9 +6, {3+AJ yh}

4R, f A, = [ +6, {

~ 2RB fyAszhs E fyA‘szhs
2(M,+My)

K = D:

Smaller area A,
E
o (MP+MN)£6’P+(9N—

is used.

© MIDAS IT Co,. Ltd

* Calculation of Energy dissipation density

Effective depth

Smaller area |

|
|
I Rotation

0,



Plastic Hinge

Model :

Cyclic

Curve for Time Hlstory

Analysis

© MIDAS IT Co,. Ltd

K =

« Calculation of Energy dissipation density

Column with Circular section

: !
yp”4D g[epw 27 —j

E. =4R.f
b 8 2 D

2 I

4R, f, prD” D, 0, + 6, — 275, -

E, 4 27 D,
K= =

|
= (MP+MN)(6’P+9N —4.75”‘]’)

1R, f,pD’D,
T 2(My+M,)

:lE ,OfyDZDS ‘
8(M, +M,)

A '
—r
Column with Rectangular cross-section
|
= 4R, f A = (9P+0N —4gyh_p] .
4R fAShs[e 10, —4e 'pj .
D _ By s 7PN Y h, - 2R T, Ah, '3 f, A, .As A
! 2(M, +M .
i (MP+MN)(0P+0N_4.248ypj (MP+MN) '_ ( pt N)
h |’<_hs—--|

= —

~ —

Neglect web reinforcement
with small contribution

ﬁ
|
Moment

/|

|
l 0, / Rotatio:g

/II 0,

ED
K=—"
/ E

_E_-I




Plastic Hinge
Model : Cyclic

Curve for Time History

Analysis

K : defined at 6 = 3.5%
according to ACI 374.1-

05

© MIDAS IT Co,. Ltd

* Calculation of Energy dissipation density

(a) Cyclic behavior and energy
dissipation of typical beam-column
joints

Beam-Column Joint o 08 :
= Trendline (R* = 0.926) —
For interior joints, 5 ** 1 Interior joint _g*
©
h /f S 04
k=08--Y"<+005 (0.15<x<0.5) 4
o § > (b)
For exterior joints, <
00 - - -
| [f 00 02 04 06 08
xk=156-23%_006 (0.15<x <0.5) Bond parameter [k, /d, I[/f!/1,]
d, f,
4 Bond- and shear-
E, :for 3™ load cycle k, q dations —— .
at5=+3.5% P __/ ______ egradations e Beam re-bar
T A AN atjoint A diameter d,
Cyclic curve ! | b -
. \\\-L‘ .EH I Tl e —-----oof i '::::F:::l{—c:
_3"|% | 5 ull h, ||v,
: / . /3 5% C, — r-ooooors - '._':‘g::‘l;':::—} T,
| o
. /| X E, I— “ Joint
b 7 TR A ; interface
el “ HA ® INRUL
‘_

(b) Interior joint

0.8

0.

0.

Energy dissipation ratio

90" hook or
headed bar

—b—

A-A section

}‘_

0.

6

4 4

7 4

0

A
L,
h",\ l‘,____a_lh—f— —————— A}E‘.:l «—C,

Trend line (R* = 0.880) 1
|

Exterior joint g
m. o

0.0 0.1 0.2 03 0.4
Bond parameter [/, /d, H\."_f_{"n"‘fr}

= =—>T

(c) Exterior joint



Plastic Hinge - Energy dissipation density
Model : Cyclic

Curve for Time History

[«——— Effective depth ——— |

AnalySIS Member type Reinforcement detail Energy dissipation density «
Beam (T-beam) All reinforcement details 3fyAs2 hs A > 0.15 and 1=5 (£1)
2 Mp+My 5h
End concentrated reinforcement 3fyAshs 1> 0.15 and 1=5 (£1)
2 Mp+Mpy 3h

Column and wallt Uniformly distributed reinforcement 3fypbh® 1> 0.15 and ,1:% (<1

8 Mp+Mpy
Circular cross section 3/yPDsD® 5 o 015 and 1= <1
8 Mp+My — 3hn ~ T
Conventional reinforcement 0.15 Rectangular or circular columns
Coupling beam i £ A
PIng X — shaped reinforcement 3D ginap > 0.15 4 4,
Ve + W [ N |
| h, I
Continuous joint (+ joint) 0.15 < OBE\/ka +0.05 <05 Walls with end-concentrated reinforcement
. by by P 4,
Beam-column jointtt N
discontinuous joint(T joint) 0.15 < 1.56151—h L fka —0.06 < 0.5 |J A _\
b ly

© MIDAS IT Co,. Ltd Walls with uniformly distributed reinforcement



Plastic Hinge
Model : Cyclic

Curve for Time History
Analysis

The energy dissipation of RC members should be evaluated using —— Longitudinal elongation -—-
flexural deformation excluding shear deformation A =0 A, #0
5 * -
-

A, . ,
E; =2R;A4,f, [(qf +¢‘)fphs —{3+A—S-]IFEJ,] = 2RBA52U;‘;{(B* +6 )hs —{3 + 4 ]Ipe},]

51

Hysteretic
energy E
dissipation

----

=> Reduction in hysteretic energy dissipation

© MIDAS IT Co,. Ltd

 Energy dissipation density

€ Reduction factor A for short column (/A <3) and short beam (/,/A<5)

» Pinching due to shear deformation and bond-slip

“7s1

4
Mean: 0.99 d. :Orlal
L. , : Original
3 Standard Deviation: 0.18 length of
diagonal
EH strut

Test/prediction
M

e (a) g =0
A o o 5 o
! ____55@@%%_@9_9_? _____ o8_ Flexural ,_ ., _ A&~ A4,—4,
) , -
. | (rotation) (1.-0.51,)
0 0.02 004 006 008 0.1

Shear span to height ratio 7. /h

S

J——

Longitudinal
elongation can
cause shear
deformation. As
the shear span
becomes longer,
the contribution
of the shear
deformation to
the total
deformation
decreases.



Plastic Hinge
Model : Cyclic

Curve for Time History
Analysis

e In the case of column

11’ A
TTL ld_.j
' Lateral
drift ratio
s=2

l

I
1
I
]
!
1
I
]
H 5
I
I
i
I

Yy ]p 2;%5 gl
A

Moment M =71,

© MIDAS IT Co,. Ltd

« Modeling of cyclic curve

__ Elastic column element
(elastic deformation only)

/
EI =(02 : E]
= +”)4.5h <’

(0.3E.I, <EI, <0.7E.I,)
G4, ~0.4E 4,
_ Moment hinge element
(plastic deformation only)
M — @8, relationship,
where 8,=56-7,

(a) Modeling components

Hysteresis loop |— R M, =1.0M
K= ED fEep : MR =0
I M, =
| 6, ~
' 6, =5, —0.935,
by =5, —0955,
6, =0.956,
— 6, =126,
LU YT st perform 3D

(b) Hysteresis model for moment hinge element



Plastic Hinge
Model : Cyclic

Curve for Time History
Analysis

« Verification
e For columns

© MIDAS IT Co,. Ltd

Column shear V (kN) Column shear V¥ (kN)

Column shear ¥ (kN)
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(a) Rectangular columns (/./A > 3.0and A.=1.0)
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Column shear V (kN)
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(b) Rectangular columns (/./A < 3.0and A, < 1.0)
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Column shear V (kN)
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(c) Circular columns (/,/h > 3.0and A, = 1.0)

n=101
L/h=45
Kk =0.523

-90 -60 -30 0 30 60 90
Lateral disp. &f;(mm)

—— Measured cyclic curve

—— Proposed
ASCE41-17

Predicted envelop relations:

—— Predicted cyclic relations:

Column shear V (kN)
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2200 [

-300
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K =0.189
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-20

-10
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Verification of
Structural
Performance

D, = member plastic rotation

D,. = allowable plastic rotation

F .= gravity load effect
F. = seismic load effect

of, = design strength

© MIDAS IT Co,. Ltd

e Evaluation criteria

criteria Life safety Collapse prevention
Overall : .
Story drift ratio 1.5% 2.0%
structure
C . trai
ompression strain ] 0.9%
of concrete
Tensile strain of
Fiber model _ 4.0%
rebars
Shear F, 1.2 ( F..) < of
- +1. - <9
(Force-controlled) i s i &
Plastic rotation
o (Deformation- D, <D, D, <D,
Plastic hinge controlled)
model
Shear
- F. +12 (F, - F,.) < oF,

(Force-controlled)




Application
Example
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« Summary of structure

24 story above ground, 1 story in
basement

Apartment building

Seismic importance class 1 (KDS
41)

Bearing wall structure (wall —slab
structure)

Transfer slab in 3@ story (moment
frame below and bearing wall
system above)

Pile foundation

Software for basic elastic design :
Midas

Software for nonlinear analysis :
Perform 3D




Application
Example

* Procedure

 Basic design : KDS 41 (building structural design code)
* Nonlinear analysis modeling : Guidelines for PBSD

« Selection of ground motions

* Nonlinear time history analysis

« Performance evaluation / interim report

» Peer review

 Final report

 Target performance

Collapse prevention limit state : 2400 year return period EQ (0.22 g) - mandatory
Life safety : 1400 year return period EQ (0.179)

© MIDAS IT Co,. Ltd



Application » Structural plan
Example
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Application

Collapse prevention

E I
Xa m p e _ / Code (Elastic Spectrum)
. 0.6 ,l' \ Design Spectrum
® M ate I'la | S 05 | \ — — Spectrum X 1.5HY
Spectrum X 1.2Hf

©
~

« Concrete strength : 24 — 27 MPa
« Steel reinforcement : 500 Mpa D10 and D13
600 Mpa D16 and greater

e
w

Acceleration (g)

o
(V)

—
™ —
T —
——
— —
— —

o
=

—

(@]

 Design information e

Period (sec)

Regional factor = 0.176 g
Importance factor = 1.2
Site class = S4

Response modification factor = 4 (bearing wall structure)
Dynamic period = 2.0 sec (X direction), 1.64 sec (Y direction)

© MIDAS IT Co,. Ltd



Application

Example

Spesity as many ranges as you wish

Multiple fiber model layers for pl
astic hinge zone(1st story

Single fiber model layer for other
stories

Concrete strength : 27 MPa

| COMPONENT PROPERTIES - PLOT HYSTERESIS LOOPS

Companent Type = [inelastic 10 Concrete Material Component Name = [27MPa

Deformation Ranges

Mark ranges that you wan lo plol.
Press Plotta pict loops:

From [0 W Al
T fom @
T i R
T [1aE
T [foE @
T [l w
T i R
W [T0E @
T Jiom - m
T [mE W
T [EE e
T [lom - m
T [lE . w
T [T e

© MIDAS IT Co,

i

Clear

Print Save.

Cloge

J

. Ltd

2.50E+00

-2.50E+00

-5.00E+00

-7.50E+00
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-3.25E+01
-4.50E-03 -4.00E-03 -3.50E03 -3.00E03 -250E-03 -200E-03 -150E-03 -1.00E-03 -5.00E-04 0 5.00E-04 1.00E-03

Element

height(le) —————1—

e Fiber models for walls

A

v

¢ Ip = lw/4

Steel reinforcement : 500 Mpa

Deformation Ranges
Specily as many ranges as you wish,
Mark tanges that you want to plot
Press Plot to plot loops.

From [~ v Al
1o foor @
T [0
To fons  #
To [oos @
o oo @
Te foor R
To ooz @
To foz @
To 0.05 Ird
To icd

<l

il

<l

Clear

Frint Save.

Clase

i

COMPONENT PROPERTIES - PLOT HYSTERESIS LOOPS

Companent Type = |Inelastic Steel Material,

Compenent Name =

5005MPa
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Application

Example
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* Fiber model

600

300

CECENC
©

18-D22
D13@150

e Fiber model for columns

-400, 300

500 -

400, 300

| e |
N

ra -
rh 42 rg
>+

rmow ofn
p rg rn

-500

-400, -300

-500 -

500

PC1
BxD = 800 x 600

=THH = D22 x 1 ea



Application . Plastic hinge models

Example
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symmetric

section

asymmetric

section
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GL-6007}2]

300 ®
400 G1 == Capacity Curve
0039421441 —e—FO
b 200 00046 ,162.9 10
LS
e -+ —e—cP
A -~ 4
© @ 9 . A I’_ L]t — — = Hysteresis Loops
a £ P
Z VARV AN 1)
= ! U
00 Ol 7/ Vi Py
W e 065%-0:00- @ 7 'n T D=~ -0:0654-0:00
g -0.0595Y0.00 Lo I’ I/ r 0.0595 ,0.00
s ’ IR | ! _tL
S > 7 o0 0 -
o o a 100 ’ ’ I AT 1 /I ’/ - BxD = 400x500
nhitala AR | § %2 &g oOEZIM 3
/ 1 1 e TR]RSS 0.3 o
/ =T
2 a A WEALH R g
-0.0434,-21441 00046 |-10b.97
- -0.0394,-214.41 S Xl
-300
- -0.080 0.060 -0.040 0,020 0.000 0020 0.040 0.060 0.080
Rotation (rad)
400 - =@ Capacity Curve
CG4
400 —e— O
10
300 LS
0.0036,201.87 op
o @ @ ——
200 00039 ,201.87
00009}, 181.6:
4 . — ] 77 / — — = Hysteresis Loops
- — = VI
= 100 n 4,1 >
~ 1y 1 27,7 _Negi09.000
:E’ 0 00132 ,0.00 4 vi {i’_’} ,’: 00120000
o 00120 8,00 _+-07 =
£ -1zl -
S 100 PRR Sn N R § & et
s ===--2=21 JLL-",
P r v BxD = 400x600
'y 200 - -~ 4
-7 _- WL o & ZkM =
s Nyl faZ44d03ME
300 / ’ Yq
7-D16 ! WEAH X8
- (7
400 7, M [00d20| 30400 SIX|H
-0.0050,-437.78 | @B~ 2 Xt
3 — D 1 6 500 -0.0046 , -437.7
-0.020 0,015 0,010 -0.005 0.000 0.005 0010 0015 0020
Rotation (rad)

2-D10@100




Application

Example
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 Ground motions

Peak Acc. Total

Number Name Year Station Time/
X-Dir. Y-Dir. Interval
th-Chi- 30 sec/

1 a o6 1999 HWAO003 0.189 g -0.136 g
0.02 sec

m

. 40 sec/

2 STOttOfI 2000 OKYHO07 -0.295g | -0.393 g
0.02 sec
Campano 60 sec/

3 1980 Auletta 0.299 g 0.284 g
Lucano 0.02 sec
30 sec/

4 IWATE 2008 IWT010 0.215 g -0.223 g
0.02 sec
30 sec/

5 Landers 1992 Lucerne -0.338g | 0367 ¢
0.02 sec
. . 50 sec/

6 Chi-Chi 1999 TAP046 -0.308g | 0.184 g
0.02 sec
. . 70 sec/

7 Chi-Chi 1999 CHY102 -0.227g | 0.247 g
0.02 sec

Acceleration (g)

1.2

0.9

o
o

0.3

0.0

74 SRss HWt
KDS(MCE)

=== KDS(MCE)*1.3*0.8

T

2
T, Period (Sec)




Application - Time history displacements at top floor mass center
Example

» EQ 1 — x direction » EQ 1 -y direction

i
| 1
!L; ¢
gt et :
B |
'l !
VIES T
= 10°? : el
420 T T T T 3 T . T . . ? : 5
DBl
3 B 't’
2f 1 i A - :
” B
2 ISR
" A LU, T
17 , 0
=  pu : ]
£ gl ok, | A
s A : ) o
o-r 3 i !
N
2t i i
X:12.88 N -
Y: -0.00302 -4 VS
3T u 1 \
_5 1 1 1 1 1 _4 L L 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time(s) Time(s)
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Application » Evaluation criteria

Example

D

u

D, = allowable plastic rotation

= member plastic rotation

F..= gravity load effect
F

.= seismic load effect

oF, = design strength

© MIDAS IT Co,. Ltd

criteria Life safety Collapse prevention
Overall : .
Y Story drift ratio 1.5% 2.0%
structure
Compression strain
pressi rai ] 0.9%
of concrete
Fiber model Tensile strain of ] 4.0%
rebars
Shear F, 1.2 ( F..) < of
- +1. - <o
(Force-controlled) i s " 7
Plastic rotation
o (Deformation- D, <D, D, <D,
Plastic hinge controlled)
model
Shear
- F. +12 (F, - F.) < oF,

(Force-controlled)




o K
Xo> X > X > % > x> X > X > £ N
— - o o~ ™ m <t <t ) in 16 o ™~ i~ o oo
g o ¢ o o o o g oo o o o o o = -
it} it} it} o it} e} ] w e} w o ] ] i} < {0
b P P .— ___
) [ i [ ' ) { ]
) i | 1 ' 1 { ]
] i i [ [ [ [ ]
—
Q
2 LIy
= ind
%] N
[o] -t lllll
o o o = l'll 'S
= o o :.Jll b2 L
Jn..' "‘
ﬁdwt‘ll " “a
& > . e ;-
o m—-— -l o e o e, i e -t l-l.ll 'S
= — < ~ e .
() C (D e o L5 b N R SN
| ol . . Bt £, s =y JIDI' L2 .ll'
- e i e S ™
(g el - ”_IT :w e 4”“ 'na.
L - - .f,l'll
Q Iy
LLl -
a "
z
) LI S R 5
1 e o p 473
- o
X SREBT S vhﬁﬁll ..v» p
-
Wn nuunwulﬁltl”u\h.nn_ll . _ L Lnnu
= e e L.z8%
L i o s 0 Tl
—=———9 .-~ N - P
===oseeem72SEERRTT
Q
>
=
[
[=T1]
)]
=
r— —n
St N NN - OO~ ON T M AN OO0~ O N NN O
(o I o I o VI o BV L o D e i o o !
(1) ks
<
w L LAd
=
= 5 2
@) : z =
o m— W
=S o
al
o s
| . a
[ __ o
o m— S
— 3
s -
O 5
T
o
- o/
w al1Md 2 ©
O a 2 z
4= <« Z
V) ¥M3 e |
H
[Ta) W o o~
¢ z g z L 5
I3 o =
- R W I
T3 IMI EMI T
T
s Lo F| oM
=+
a0 B}
I v =[]
= I
w Wy
3 EMS
M sl
LMS W i -
IMHd  zpmHd ZMHd  LMHd z z
- I — +

PW1

PW1C

MHd

Application
Example
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Application
Example

B1-2 End Rotaion

 Plastic rotation of beam (Deformation-controlled behavior)
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W1

Application « Shear of Walls (Force-controlled behavior)
Example

« Walls are vulnerable to shear due to dynamic amplification after flexural yielding

F. +12(F, - F.) L of,

Increase of shear reinforcement

SW4A-1 SW4A-2 EW5-2

i ~
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o |
w e s o W1A-1
S B “ Ej] Story | Height Elastic Design Result After reinforcing W1A-1 Wall Shear Force
= 0 Length | fek | thk | fy Hor. thk. | fek | fy Hor. e
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Application
Example

« Summary of Evaluation

« Most of the basic design

Is OK except for walls.

« Strengthening is required

for shear of walls

Boundary confinement is r
equired for B/E of walls

© MIDAS IT Co,. Ltd

Evaluation item criteria results
LS Less than 1.5% OK
Story drift ratio
CP Less than 2.0% OK
shear F-controlled OK
beam LS Allowable limit OK
Plastic rotation
Cp Allowable limit OK
shear F-controlled OK
columns
Plastic rotation Allowable limit OK
shear F-controlled OK
beams flexural
Transfer story strength F-controlled OK
members shear F-controlled oK
columns
P-M strength F-controlled OK
LS Allowable limit OK
B-C joints Inelastic rotation
CP Allowable limit OK
shear F-controlled Shear-strengthening
LS - -
Vertical strain
walls CP compression 0.2%, tension 4.0% B/E- strengthening
LS Allowable limit OK
Inelastic rotation
CP Allowable limit OK




Conclusion

« RC members fail due to concrete (not due to steel)
 Shear strength of concrete is not constant but a function of deformation

« Deformation-controlled shear strength model

© MIDAS IT Co,. Ltd
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