Nonlinear numerical analysis of frames
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Guidelines for nonlinear analysis and performance based design
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ASCE 41-17, "Seismic Evaluation and

Retrofit of Existing Buildings”, ASCE, 2017.

Types of nonlinear models for line elements

Concentrated plastic hinge model
Distributed plastic hinge model

Nonlinear finite element model
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Plastic hinge model for beams and columns (line elements)

Plasnic Hinges at End of Clear Length
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Stiff End Zone

a h
{-1.} -'IIIC':‘}'J‘
1.0 b |||'|:-;;: :k:
! - < Elastic Segments
! i : [ 6x
; 10 TR
S &FHGS7ISHAEARIA (T8, AIK)
ASCE 41-17, "Seismic Evaluation and
Retrofit of Existing Buildings”, ASCE, 2017.
Q Q.
Qy | Q, A
b
a B d
1.0 [
1.0 B c B
3 A
A D E ¢
BorA

Flexural action : deformation-control (inelastic behavior model)

Shear action : force-control (elastic behavior model, elastic shear stiffness is used)
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Wall modeling

Line element with plastic hinge model : limitation for irregular shaped walls.

Finite element : complex modeling and too much time for numerical analysis
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Fiber model for walls

Assumptions : linear strain distribution (flexural behavior)

Single curvature in a story
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The wall cross-section is divided into segments I#’

| horizontal spring i
I Hs, I B

Kuas,i = Kusa,it Kuso,i* Kuss, (d)

Detail A
Displacements over the
crack at segment i

For each fiber, the nonlinear stress-strain relationships of concrete and steel are used.



Rigid link
/ Concrete model
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Steel model
Simpilified Fiber model with shear stiffness for wall
Rigid link Bar element
-ﬁ----

Fiber model versus finite element model
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Example of nonlinear numerical analysis of frame.

Displacement control method
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Load-control methods
- Force control method
- Displacement control method

- Arclength method
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Nonlinear Static Analysis Procedure

ATC -40 : seismic evaluation and retrofit of concrete buildings

FEMA 440 : improvement of nonlinear static seismic analysis procedures. 2013.

Disadvantages of equivalent linear analysis procedure using inelastic design response spectrum
Inelastic behavior cannot be directly predicted.
No direct relationship between design earthquake load and performance of structures such as
strength and ductility

Thus, it is easy but not accurate

Disadvantages of nonlinear time history analysis
Technically there are too large uncertainties and difficulties.
Uncertainties in time history ground motions of earthquakes
Technically, it is difficult for engineers to perform nonlinear time history analysis.

Thus, it is accurate but difficult and uncertainty

Compromise is required between the two methods.

---- nonlinear static analysis method.

Nonlinear static analysis method - Nonlinear analysis but static
Similar methods

Capacity spectrum method

Equal displacement method

Direct displacement design

Capacity —based design

Secant method

Displacement coefficient method
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How can be the demand related to the capacity of structure when nonlinear static analysis is used?

In actual behavior of structures, Structures are subjected to repeated cyclic loading, showing large
inelastic deformation (or ductility) and energy dissipation.
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Capacity is defined as the relationship of load-carrying capacity and deformation of structures.

Capacity of a structure can be predicted by performing nonlinear static analysis (Pushover analysis).
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In static analysis,

Demand is defined as the function of the dynamic period of structures, and can be reduced by
considering the ductility p or energy dissipation capacity of structures.
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Procedure of Capacity Spectrum Method

1) Construct inelastic V(base-shear)-Aroof curve performing nonlinear static analysis (usually by

computer program). In general, the lateral load distribution is not known. Thus, multiple

lateral load distributions can be considered, such as triangular distribution and uniform

distribution.
i

¢Jlll‘

-
Dpoof

2) Convert the V-Arnof curve to Sa — Sd curve to produce the capacity spectrum

V < Dopoef  cunnt

Imear élastie riespomse

S )
i /\-‘ s pechum
N comverted to S - Sd carne

Sa,

Melastiz Sa @ Spectrod acceleration)
response
spectrum

CDemand)

LAY Spe(,'fml dr.x/)/auuum{-

7

L’ Copacity spectnm  Sd

{Sa:spectral accelation
Sd: spectral displacement

3) Construct Sa- Sd Linear elastic response spectrum (5% damping) using code-specified Sa-T

relation.

A
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4) Assuming a maximum deformation value corresponding to an assumed performance point,
estimate effective damping ratio Beff corresponding to the energy dissipated during inelastic

cyclic behavior

d/?sl)ak‘tc;( 6ner§\/

5) Using the Beff value, make the inelastic response spectrum (demand spectrum) reduced from

the elastic response spectrum

N~
Sa
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response spectrum
¢ demand spectum )
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6) Draw the demand spectrum and the capacity spectrum in the same Sa — Sd plane.
When the capacity spectrum and the demand spectrum curves have the same feff value, the
intersection point can be defined as the performance point.
In the capacity curve, the Beff value is the function of the deformation. Thus, iterative
calculations are required assuming a deformation.
l.e. If Sdi = Sdi,;, Sa,Sd=performance point

If Sdi # Sdi,,, New Sdi isassumed and repeat 4) and 5)
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7) Check safety of overall structure and its members, particularly comparing the deformation

demand with the deformation capacity: story drift ratio and plastic rotations

S

b

Y

(A cH -4 (')

— % (b

. 45 I
s & Mu y I
y

Gt e
=39, (dapends ™ detards )

Capacily spectrum: =t a5
Representation of the ) Cﬂpﬂﬂt}’ |
structure’s ahility 1o resist ; =
the sersmic demand ——— e
= Sil
F ql
- e | 452
|
Demand spectrum: |
Representation of the : 3’ Demand |
earthguake ground motion |
1 - S"LI
|
X Sa Performance
Performance point: point
Intersection point of
demand spectram and =) Performance
capacity spectrum
_COpacTrY Spe - N ! - 5d

Check performance level ol the
structire and plastic hinges

17



Sa

Spectral acceleration, S, (g)
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Procedure to determine capacity curve (V-A curve)

1. Create a structural model using nonlinear numerical analysis programs (Drain 2D, MiDas,

SAP, Perform 3D, etc)

2. Multiple lateral load distributions are assumed. Generally, triangular and uniform

distributions are used.

3. Foragiven lateral load distribution, structural analysis is performed.

4. Until first yielding, linear elastic behavior is obtained.
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5. After first yielding, the stiffness at each plastic hinge is reduced.
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6. At the second yielding, again, the stiffness of each new plastic hinge is reduced.
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7. Repeat structural analysis until the target displacement is reached.

8.

If the structure has brittle elements or degraded elements, the overall behavior shows step-
down curves.
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Construction of Linear Elastic Response Spectrum (5% damping)

Traditional Se - T spectum Se=5d  response spechum

CADRS)

C,: seismic coefficient based on peak ground acceleration (2.5 C, = Sps)
C, : seismic coefficient corresponding to 1 sec dynamic period (Sb1)

T,=C,/2.5C,

control periods
T,=0.2T,

Sa : spectral acceleration (Non dimension)

Sd : spectral displacement

2
Sd:%Sa: TzSa
10} 4z
Sa=C,/T

Sa’> =C,*[T* = C,*Sa /(47°Sd)

c,’ 1
a= —
47* Sd
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Conversion of Capacity V-A curve to Capacity Sa-Sd curve

v 1

€ Brosf, V)

7

D roof

sa |

(Sd,Sa)

>
Sd

We need to define the relations between 7 and Sa, and between A and

Sd

A, - Sd relationship

Dynamic Equilibrium equation of a system subjected to EQ movement

MU +CU +KU=-Mrlg

This Equation is decomposed into n number of single dof systems

15t mode

HMBY, + ¢ CoY, + ¢ K$Y, =4 Mridg

.. . 5 #Mr .. .
Y +28m ) + oY, = - ¢~TM¢ g =—(PF)Ug
al

Yl(max) = Sd(PFI)

23
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- (L sa)(PF)
[0

2

~( 4T Sa)(PF))

2
T

PF| : participation factor of mode 1

Z,/!=YI?I+YZ?2+““

If the first mode governs the response,

U~ Y = Sd(PF)4,

uroof = Aroqf = Sd(PE ).¢l,roof
A
Sd — roof
(PE ).¢l,mof

V- Sa relationship

Story Force vector dominated by 1 mode

E ~ MYl(max)¢l

Yl(max) = Sa(PE)
£ =Sa(PF)M¢,

V=r"E=Sa(PR)r" M

V VIiw VIiw VIiw
Thus, Sa = or = - - -
(PE)r Mé, (PR)C'Mé | My, /W o
w
M . = effective mass

eff

a, = effective mass coefficient

24



In other expressions

Participation factor

N
¢ Mr } Zwi¢1i /g
U~ | o=l

(PE):( T g
@M@ zwi¢12i/g

Effective mass

M) = (PF)1" M?l =

N : no of story
w: story weight

M’ (Swg, /g)’

?ITM?I §:Wi¢12i /g
Effective mass coefficient: ¢,
J 2
_ Mffffl _ (03 w,/g)
“= w2 & 2
Zw /gZwd )/ g)
Vv PN Sq' /‘r-
{Gnet, V) Csd, Se)
‘>
dm’(
Corpocity Curie cepacily Spediang
Viw 14
Sa = = -
o  (PF)r M
A

roof

Sd = ——rd
(PFI)¢1raof
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Determination of performance point (intersection point between the

capacity and demand)

m= Au/l-h,

AL

—/unw.'m of rddu c—r.'lr'r7' (A )

5‘“ 7
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\;yd encryy dirsipetioy (.
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> Shouid éc e ,
Sa l / Some pont
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Reduced response spectrum (demand spectrum)

The cyclic hysteretic response of actual system is converted to the response of
an equivalent linear elastic damped system with the same capacity of energy
dissipation. (only when linear system is used, the force spectrum is the same as

displacement spectrum.)

= Mt
S —— 'ﬂ o :ﬂ

aenversim X I/
’ |
T E o ED /|| 7

i

A single degree of freedom system

MU + CU + KU= P (t) = P,sin ot

The energy dissipated by viscous damping in one cycle of harmonic vibration

2z

ED:.[fDdu:.[o

/@ . 27/l @ .
(cu)udt :IO cu-dt

2z lw 2 2
= cJ.O [ou, cos(wt — §)] dt = rcou,

= 27[§£ku02 a)n = ﬁ § = ¢ = ﬁ
@, m 2mo,
) kug
f o~w, E,=2npfku, = 47zﬂ7
: kug
Set FE ,(strain energy)= B E,=4npE
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cﬁi‘ssi/:m'ed energy by hystergdis (oop

—

&b

With the known value of E,, the damping coefficient £ or g can be
calculated.

e
4r E
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Estimation of Damping coefficient 5,5 .5,

idealizat v eith bilimesF curve

Qo redued area p

afi' T = 7 — TS actua]| behoivr

Q.y L f

f |-
= l adée,dl {l Sweh that Aedd = Ared.
/ areﬁ, Aa4‘1
7/ d rd
7 / dP . Sd
/ / ‘

E, = Energy dissipated by damping

£, = Energy dissipated by damging

= Area of enclosed by hysteresis loop Bilinear representation
. = Area of paralielogram of capacity spectrum
= Area of enclosed by hysteresis loop E . )
S0 = Maximum strain energy i
= Area of hatched triangle _§ Capacity spectrum
= Area of parallelogram =8dul2 BT Am —— Keracoe
Bo = Equivalentviscous damping '@ -
i ; assoccia fult I
E,, = Maximum strain energy mgmf:‘bo";";m _________ < i
=1 & £
. 4x Eg, °
= Area of hatched triangle &
=a.d . /2 d FCE
PPt Spectral Displacement
B, = Equivalent viscous damping associated \\ _____
. o— P e T
With a full hysteresis looparea ;.7
1 E
- 4 T E Ep= Area of enclosed by hys}teresis loop Formulas for designated areas:
S0 = Area of large parallelogram . A=(ay-a)"d,
= 4 times area of shaded parallelogram - . . 1 Ay=(a,°d)/2
S o Ay ={{ay-2)) " (du-d)))
B @
£
S8 s Al A
]
E < |~
s iy
(]
it £ =
“dy Ay 8 A, | A
Spectra! Djsplacement (/) } >
dy A
£ Spectral Displacement
]



E = Area of enclosed by hysteresis loop

= Area of large parallelogram
=4 times area of shaded parallelogram
Formulas for designated areas:
A4 =(a,+a,)d,
A4, = (ay-dy)/Z
4, =[(a, ~a,)d, ~d,)]

E,=4a,d, —24 —24,-24,)
=4a,d, —ad —(d,-d)a,—a)-2d (a,—a,)]

=4(ad _ —d.a )

Yy pi Y pi

E,=a,d,]/2

1 E, 1 4ad

B, = pi _dyapi) _ zaydpi _d_vapi
0
dr E, 4r  a,d, /2 T a,d,

~0.637(a d —da.)

yopi y_pi
a,d,
63.7(a d  —da,)
= L P rr (in percentage)
apidpl.

,Beq = ﬂo +5 (equivalent viscous damping including 5% inherent in the structure)
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Modification of damping coefficient for degraded and/or pinched cyclic

behavior

v T

/ \

\

T degradatin

/declized behavior

e

,o;h&h n-?

actued .A&bay.‘w-

v

The idealized hysteresis loop overestimates realistic levels of damping. Therefore we

introduce effective viscous damping Pefr.

63.7x(a d, —d a,)

y_pi

=Kkf,+5=
ﬂeﬁ ﬂO apl.dpi

x : damping modification factor

Table 8-1. Values for Damping Modification Factor, x

Structural 8
Behavior 0 K
Typel (percent)
1.0
<16.25
Type A’ 051(ad . —d.a.
>16.25 1.13- (a,d, ~d,a,)
apl.dpl.
0.67
<25
Type B 0446(a d . —d a .
>25 0.845— @,d,~d,a,)
apidp,.
Type C Any Value 0.33

1. See Table 8-4 for structural behavior types.

2. The formulas are derived from Tables of spectrum reduction factors. B(or B1). Specified for the design of
base isolated buildings in the 1991 UBC, 1994 UBC and 1994 NEHRP Provisions. The formulas created for this



document give the same results as are in the Tables in the other documents.

Table 8-4. Structural Behavior Types
Shaking Essentially New | Average Existing | Poor Existing
Duration? Building? Building? Building*
Short Type A Type B Type C
Long Type B Type C Type C

1. See Section 4.5.2 for criteria.

2. Buildings whose primary elements make up an essentially new lateral system and little strength or stiffness
is contributed by noncomplying elements.

3. Buildings whose primary elements are combinations of existing and new elements, or better than average
existing systems.

4. Buildings whose primary elements make up noncomplying lateral force systems with poor or unreliable
hysteretic behavior.

Construction of reduced Response Spectrum

LERS ( &+/odemping )

Reduced response. spectrum
with (Beft

] >

1 321-0 - o
Sre=- 321 - 0681n(fir) - (8-9)
e 8 21623 ; J Table 8-2. Minimum Allowable SR and SRv Values'
321- 0.681n[ LR = i) s] structural | - ‘
= apidyi : Behavior Type? SRa SRy
212 -
. , Type A? 0.33 0.50
2 Value in Table 8-2 :
; TypeB - 0.44 0.56 .
spoo L _231- 0411In(f) @ 10)‘ ‘ -~ TypeC 0.56 0.67
. B 1.65 ' 1. Values for SRa and SRv shall not be less than those
6375 (ayds — dvater : shown in this Table -
231- 0.4lln[ ( :{; ’a"). + 5] 2. See Table 8-4 for structural behavior types.
_ pid pi .
1.65

2 Value in Table 8-2
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Table 8-3. spectral Reduction Factors, SRa = 1/8s and SRv = 1/ 8.

Behavior Type AT Behavior Type 81 Behavior Type 7

SR | SRv | SRa SRv SRa SRv
Bo wercents Bet | (/B | (/B0 | Ber | (/B9 | (mw B | (/B | (1/Bu

0 5 1.00 1.00 s 100 | 1.00 5 100 | 1.00

5 10 078 | 083 8 083 | 087 7 0.91 0.93

15 ' ‘20 055 | 0.66 15 0.64 0.73 10 0.78 0.83

25 28 044 | 057 22 053 | 063 13 069 | 076

. 35 .35 038 | 052 26 047 | 059 17 0.61 0.70
245 40 033 | o050 29 044 | 056 20 056 | 0.672

1. Swuuctural behavior type, see Table 8-4.

2..... Controlled by minimum allowable value for SRv, see Table 8.2

Structural Behavior Type A
¥ 100 -
g %0 =
§ 080 - -
& g.70 | Structural vioe Ty 8
<

8. 0.10

ic Damping Repr ted As

"E’quiytlem Viscous Damping, B, (%)

Flgure 8-15. Damping Modification Factor, k, for.
Structural Behavior Types A, B and ¢
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Calculation of Performance Point

1) select a trial performance point, a,, dpi

A first choice of point a,, a’pl. could be the displacement approximation

‘Z’ e Initiad &, d, point chosen

c . based on equal 3

’.9; ,l “r. N AppC

(=] ’ .

- )

Y

@

8 Capacity spectrum
. <

‘é 5X demped reeponee
£ spectrum

]

Q.

U) >

T
—

Gy

Spectral Oisplacement, inches

2) Develop a bilinear representation of the capacity spectrum.

Calculate effective damping peff = K, +5

I L

Spectral Acceleration, 8

Spectral Displacement, inches
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3) Calculate the spectral reduction factors.

Draw the demand spectrum.

Spectral Acceleratlon, g

Spectral Displacement, inches

4) If the displacement at which the demand spectrum intersects the capacity spectrum, d,,
is within acceptable range( eg. 0.95d , <d, <1.05d,, ),
then the trial performance point a,,, a’pl. is determined as the point a,d,.
and the displacement, d,, represents the maximum structural displacement expected

for the demand EQ.

5) If the demand spectrum does not intersect the capacity spectrum within acceptable

tolerance, the a, =a, d, =d, repeatl)to4)

[
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F 3
= No Minor Mod_erate Severe_|Collapse
= damage | damage| repairable |damage
Vi da.'-“%—-—- e
g — |
E / c I
o ]
aQ
u B
s =}
8 gz 3 g
d T8 @ 5
t E |3 2 9 2
o Els = = :
) =
3

Spectral displacement, S,

L T L o P VR B e AT 1 . 1

Advantages of capacity Spectrum Method

1. Nonlinear Response of the structure against Earthquake Excitation can be estimated with
reasonable precision.
=> No Specified R factor
2. Failures of structure and members can be examined, directly.
-overall ductility of structure
-plastic rotation at each plastic hinge
3. Responses of the structure with respect to multi-level performance-requirements can be

evaluated at the same time.

Sa
o b ot

demord for collopse frnt Sroze

’z\ \-a for JM“;:- limt Sete

LLrvite /it §tute

»

Sd

4. Effect of over-strength due to material, Design method, etc. can be directly addressed.
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Uncertainties in Capacity Spectrum Method

1. Assumed lateral load profile (high mode effect) is used. In general, the higher mode effect

is not considered. - multiple lateral load distributions should be considered.

2. Demand spectrum is constructed by using an equivalent linear system which is different

from the actual energy dissipation mechanism.

3. It is difficult to accurately estimate the energy dissipation capacity without performing

cyclic load analysis.
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Displacement Coefficient Method

After nonlinear static load-displacement is obtained, the inelastic displacement is directly
estimated without converting to spectrum format. (FEMA 273 3 FEMA 356)

This method is practical and relatively convenient

base shear, V

roof
displacement, &

Pushover curve

2
0, =C,CCLC,S, 4—929 = Target displacement
7T

c,= converts SDOF spectral
displacement to MDOF roof
displacement (elastic)

5, { Cy= expected maximum inelastic

displacement divided by elastic

displacement

c,= effects of pinched hysteretic
shape, stiffness degradation and

- strength deterioration

Te period, T C;= increased displacements due to

dynamic P-A effects

Response spectrum

Concept of displacement coefficient method. ( FEMA 440 Figure 2-12)

Through Pushover analysis, Z— A curve is obtained. Based on the result, a single DOF system
with effective stiffness ( Koty ) and effective period (Tsr‘r ) is assumed. The spectral
displacement (Sf ) is calculated. Then, coefficients of G 01 ,C: C; are multiplied to estimated

the inelastic displacement of the structure.
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Definition of Ke.

<

~
|
\

P

Kil &

Base Shear
(@]
D
<
~<I

I (Ke

3, &,
Roof Displacement

CO = effect of multi-DOF system

C1 = amplification of displacement ( effect of inelastic deformation)
C2 = effect of stiffness and strength degradation

C3 =second order effect.
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Formulas for designated areas:

A =(a5-a) " d,
A, =(a,*d,)/2

S 4 Aj=lay-2)" [@u-dy)
g ®
ld_) A, Aj
o %
(8]
- A,
s A,
]
[o B A, A,
wn -
dy i
Spectral Displacement
(23 3] &kl XY HLHEAXN : ATC 40 Figure 8-13)

A==9| 20 25t0] ~itE= HX|Y2 S7H0|dY =oAL O|FAH SO Chst LHFEEHA

1 E, 63.7lad —da )

3€ =85,+h 33_?5_9_ 2 d. (A_! _‘?_3)

s ¥

2 LIEtH D (A §3)2 0|8310 S7HE2(%: )& M-S = ULt
o4 7|M,
Ep = ASRS9| H2(0 95t AdtE|= O HX]|
E, = AXZ2| Z[0f HYOHX|
63.7(q, a’,‘—d; a, )

8y =8y +5= - =45 (& 24)

a,a
%

A B3)2 WESO| HEHZ BHSIH (& F.4)9F Z0| LtEtE = QUCH
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EME LIEFX| Z3HCH Q2 B2 ATC 400(AM = HEZ2Z32E AFSUAQ 0l2{st 0|HAH S
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Model (%) A B C D E F
Bilinear hysteretic 0 3.2 -0.66 11 0.12 19 0.73
Bilinear hysteretic 2 33 -0.64 94 1.1 19 042
Bilinear hysteretic 5 4.2 -0.83 10 1.6 22 0.40
Bilinear hysteretic 10 5.1 -1.1 12 1.6 24 0.36
Bilinear hysteretic 20 46 -0.99 12 1.1 25 0.37

Stiffness degrading 0 5.1 -1.1 12 14 20 0.62
Stiffness degrading 2 53 -1.2 11 1.6 20 0.51
Stiffness degrading 5 5.6 -1.3 10 1.8 20 0.38
Stiffness degrading 10 5.3 -1.2 9.2 1.9 21 0.37
Stiffness degrading 20 46 -1.0 9.6 13 23 0.34
Strength degrading -5° 5.6 -13 14 0.61 22 0.90
Strength degrading -3¢ 53 -1.2 14 0.69 24 0.90

<E 26> 9aF7|(Ln ) MHEA HAL A

Model a(%) G H J K L
Bilinear hysteretic 0 0.11 -0.017 0.27 0.090 0.57 0.00
Bilinear hysteretic 2 0.10 -0.014 0.17 0.12 0.67 0.02
Bilinear hysteretic 5 0.11 -0.018 0.09 0.14 0.77 0.05
Bilinear hysteretic 10 0.13 -0.022 0.27 0.10 0.87 0.10
Bilinear hysteretic 20 0.10 -0.015 0.17 0.094 0.98 0.20

Stiffness degrading 0 0.17 -0.032 0.10 0.19 0.85 0.00
Stiffness degrading 2 0.18 -0.034 0.22 0.16 0.88 0.02
Stiffness degrading 5 0.18 -0.037 0.15 0.16 0.92 0.05
Stiffness degrading 10 0.17 -0.034 0.26 0.12 0.97 0.10
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Stiffness degrading 20 0.13 -0.027 0.11 0.11 1.0 0.20
Strength degrading -59 0.20 -0.038 0.25 0.17 0.71 -0.05
Strength degrading -3 0.18 -0.033 0.17 0.18 0.76 -0.03
3;-‘-'= A(ur1)*+ Bl u'1-3—3‘;. U4
Al H 7
Bess= C+Dlu—1)+5, 4=u<6.5 5 +9
Sets= EFu—1)=-11/[Fu=1)* T4/ T, )+ 5, 6.5 < u
Ts= (Glu=1V+Hu—-1P+1)T, u<d
1-5.'.’= .I—J‘u_lj‘_l‘r: 4;(1' 65
Ts= AKIV=1/O+Zw-20-1]+1}T; 65 = u
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Number of Stories Modification Factor
1 1.0
2 1.2
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= T. = T0 42 10
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O
o Effective Mass Coefficient
—_O—— " P ry oW
- = :[Znggm} f[Z”%Z”%G?i}
i-l il i-1
Actual Mass Effective Mass
based on Mode Characteristics
(12 B-3] SaE2A L Cx(Effective Mass Coefficient)2| 7H4
7=10 7>7,
Structural
Framing Framing Framing Framing
Performance Level
Type 1 Type 2 Type 1 Type 2
Immediate Occupancy 1.0 1.0 1.0 1.0
Life Safety 13 1.0 1.1 1.0
Collapse Prevention 1.5 1.0 1.2 1.0

® G= 7A%E9| o|YAS 3t 21t 1

rot
Ho
oz
-
1
o
)
b

07| M, Framing Type 10{ di&dt= AF=OI2t SAXTSHS StoM HEO| 25t A==2f
dEot 480] 30% olg XMota + Us === Es ZUE
(=]
-

ME 7t RHEENYEx, Z32(E =F
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4 (B-5)2t Z0| LHggtLt.

- Positive Post-yield Stiffness@| 42 = 1.0

G=1+llal (R—1)*3]/T, (B-5)

- Negative Post-yield Stiffness®| 4<%

Ol7|M, a= U==2 &5 = ZgHIE 2lojsttt.

HRAA =S FEMA 35601 A= Displacement Modification MethodZ =2|EH WA 2 FEMA
4400| M= Coefficient MethodZ2 YA O| HH Ol AH=50| olst HLAFI B0l
= FZAIZCH (& B-3]0| €Y WA UMSt= IFEAM

2 M=
otwy| | Halotolch ZFS S7to| HIAIREO| Heo] Yol
H
—

rir
N
M
mo 44
ro
)
lm

lo
HU
ng o
H
1o
>
o
22
to
oL
1=
1o

FA

[ =

e dAo|lE2 AXLO7 HES|0s 7tE ZHEet
o

o
=
PSR Qo] &g AMEE & Us FHEOl AUtk

JefLb JHERtel BFOM 2H O YA A= StLESHLO| AET HEA &0 ZEEO R
o, Ztzto| E¥AIZ LSt nPHO| 12| TSR] ASE FEMA 4402 83 & += UCH
2t A== StLtstLtel o|0|E NCHE mbefst FEMA 35601A FEMA 44022 2 A== gfo| =3
O| ofist O|ROIAM O|FOIFMEXIE Oldhste 0| AsHE MBSt HE30l2t & &= ULt
2 FEMA 35601 FEMA 44022 7§8El= 0N 7R E 2F A0 Cist ZHME LHES

o
[=]
2ot

Ct
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Qe EHEHS0M HIEMYASZHS A-EE7| Q3h H4=0|0, 2HHEA4(Elastic Perfectly Plastic)

FEMA 35601M Ciof CHst

|'0I-

S T.otse Y7 2 YHYRUe FANE 7|17z T.
Bt o & F7|8 MKl d=522 BHYAEEFZH(Displacement Preserved Region)d| &£3t7| &
Of HIEHY HR7t EHERHRIZE Aol S LSIT JHESH0] 1.09] 242 7HADY, 01X ECH 22 F7|
oOf UFES 152N LB oA X|(Capping)E HoIF oM, 1 &7t HQ| FI|E 7HXl& USF
=2 1.0~1.5A1019] HMEZHHE O[&310] gt Fot= = A0 FE|Z/0f ULt

[ B-3] WAL 2 ALS EAol W
ATC-40(1996) FEMA 356(2000) FEMA 440(2005) ASCE 41-06 | Purpose of Coefficient
Name|  Displacement Coefficient ) Displacement Target
Coefficient Method o .
Method Modification Displacement
spectral displacement
of SDOF system and
Table 8-8 Table 3-2 )
o Same as FEMA | the roof displacement
G Values for Modification Values for Same as FEMA 356
o 356 of MDOF system= first
Factor Modification Factor o
mode participation
factor at the roof
= 10for L4 Same as ATC-40
=[1.0=(R-1T)/ T /Afor T, Exc?pt that, R modification factor to
. Re_n T relate expected
LA R cA (o) maximum inelastic
o T, =TWEKJ/K, G —Effective mass where a= Same as FEMA ,
* | %= boundary period from PR 130 for site class B 440 displacements to
actor from table 3- i
constant acceleration to i —_— 90 for site dass C displacements
n case of LSP, ) .
constant velocity T 60 for site class D calculated for linear
. S 1 < 10for Z>4 elastic response
TTmM G < 15for L<h
the effect of hysteresis
Same as ATC-40 1oL (B=1 z shape on the
c Table 8-9 Table 3-3 - 0t T Same as FEMA maximum
" |Values for modification facto Values for =10 for non-degrading 440 displacement framing
modification factor systems systems and
performance
=1.0 for positive post-yield
stiffness
lal(R-1)%% Eliminate in favor of .
=t T e imi Same as FEMA increased
G for negative post-yield Same as ATC-40 strength\ lm;'_t_ ‘ 40 displacements due to
stiffness Row = :—\‘ Z @2 second-order effects
aRatio of post-yield stiffness
to effective elastic stiffness
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3Lt FEMA 4400 M= THE7| $2H2 = 01X O|shoAM el SHAXIE glofx, X|gtof 2 A

&2 1235t7| fIsiM &= B, C, DOl M2t D=5 O =40 BHASIUCE MY dEe

FEMA 3560f HISi o & A=

M 108 SXI8tD 7| FYo|M FI|7F 0.2E7X| Alof o8 70| Z7FSICHZE 0.2% 0|3t2
&

FI7| 720 = 0.2 UfQt

7t EEEEE MO TEJALH, 1= 0|ge FI|(HALZEFZHO

ot gko| LteAE oto] oetX|E &8st ULk

[

Cy
2; F;TF:‘ - = = .Eq51,R=2
ol 2 — —Eq51,R=4
55 | \ FBVA R=6 — E0.5-1,R=6
26 ..-
nal s 3 ansmnns FEMA 356, R=2
55 t — ——-FEMA 3%, R=4
ag) N FEMA 356, R=6
18] R4 m= '\ \ FEMA 356, capped
161 )
144
1.2
10 . r T T T

00 0.1 02 03 04 05 06 07 08 09 1.0

Period, T(sec)

[ B-4] Gof CHEH FEMA 3561F FEMA 440 H|(ZX: FEMA 440 Figure 5.1)

Ciep
40 T l
| l —R=8.0
3.5 1 | | SITE CLASS D R=6.0
(mean of 20 ground motions) R=4.0

0.0 0.5 1.0 1.5 20 25 3.0
PERIOD

[213 B-5] GO B X|(ZXN: FEMA 440 Figure 3.12)

O[2{2t FEMA 44001 M2l =2 [AE B-5]2t Z0|, HMH BHASHo| st Antglol Ba
it Bty 2 +X|S0[th. J2iLr FEE F2 Hd HeA+E0AM 012 Ofstel
7] YoM E HIME AHE-YO ZDto) BB &3 2 Us LIEIHD U220 ofH FE¥2 R
U0l 25, & ANLHO| H2 5= 427t I FAHHULL SHA|R, 0.2z 0[3te] FHo
Mo02z= Mol gttt st gts HEot=E ot RE2 LARF7|7I BF7|0 sigsts H==2



Of A2l =X2 OHAS0Ae HEd=al, 39 & d=2of XotE 12{dt7| 20|, FEMA

3560 M= Gted| HF2Q I]F7|F 229 ’8%—1‘—-’&00, LS, CP)O|l [E Hgt2 HMAlIStD

A =
AKX, FEMA 4400|M= oHZES O LIOt7 A==2| RSl Hato| M2 ZAWE F7F ne{st 4
= HMQSHAL [ B-6]2 7IE FEMA 35601M HMAISH= €t FEMA 44001 M =& 22 Hlu
Sk J2§mO|Th FEMA 4400| 2|3t AlS EMsj=ol, JojAet OH&7kx|2 18Z7| 02X &0t
2 OFE7| g9ols 02% Mol 2 Itz MESEE Htstn ULk ojgs QoM MY
Htet 20| TF7|0M BRIE X|LIX[A i E24S= AES HMekstr| fIgolch
C:
20
— Equation 52, R=6
= == Equation 5-2, R=4
R=6
—FEMA 356 Collapse Prevention (CP)
FEMA 356 Life Safety LS)
15 | FEMA 386, CP
F=d o —
FEMA 386, CP
FEMASSELS el L
1.0 T T - —.;_ i
0.0 0.2 04 0.6 08 1.0
Period, T (sec)
(212! B-6] FEMA 3561t FEMA 4402 C:0f CH$t H|(ZX:FEMA 440 Figure 5.3)
(3) BAS &
|0|‘:R_1 v
-1 Q0L 17 B-6
C;=1 T (B-6)

Gi= J|Z FEMA 35601M P-A ZE 1E{st7| Qs Che1t 24 Aloz Hostict
7|M as [OE B-7]0t £0| EtYFZIO|A Sl Z/dnt HIEHE 70N RISl Zd 9| H|(Post-
Yield Stiffness Factor)2Af Al0f HFHE|0f QULCH
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F Positive a

oK

|

[
K J oK
Negative a

1% B-71 &= = 24

J2fLt FEMA 44001 ME, G9F Gio] 12 X, 0|27 50| ME EMTt p-amato 3t H &9
Eo| Hats| LREX| YeCte 0|2 G 2 glofe Ch4l AHHMY #MQE P8 £ U= R

O X|CHX|Z H|OHSIRLCE (12 B-8]0fA{QF Z0|, O|F Q| FEMA 3560)|A= [12! B-8] a)Qt Z0| A
=0| BHEAL0|20| ZIE et ZE7t XNolts ZUILE WZISIX| T b)et
G2 AL0|E LHOIAM ZE7F MotEle REES AFEE A0l= P—AZDIRF FASH A1t

HASIR D, Ol 58 =2PE(Dynamic Instability)E ¥27|= 2022 BAg|1 QIC}

Strength loss occurs in subsequent cycles; Strength loss occurs
not in the same cycle as yield. in same cycle as yield.

Strength and stiffness degrading model

= I|
|'I'|"'I|'
|I||||IIIIIIIIIIIT

Force

Displacement

a) Cyclic strength degradation b} Incycle strength degradation

[13 B-8] =& 27tX| HEN(EM : FEMA 440 Figure 4.1)

Olgt SU W20z, (1Y B9 20| HRU oS AL AAYI EHYAAHO| WIIHIS
Aol 2 ATpR LfEtW JZOfM, of= SF Aol =Ee® (13 B-o(3het 20| 2T o
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(B-7)

UX[SH7| flohM, BHE Aot 22 RO XWX E +HISHALE
Ol 7| M,

t=1+0-15LnZ

o, =op_ s tAa,—op_ )

= [ B-6](F)0ALL ZO| A0 O[3l @29} @p-.0| ALO[O] X|SHA E[1, A= Near field
of ?IXISHRA=X| OFX[of 2} 0.22F 0.82 A AISHL RACE

Ay 1984 Morgan Hill, California Earthquake Base shear
8 * Gilroy #3, Sewage Treatment Plant, Comp. 0° &
|
T=1.0s |
74 l vd alKe .
61 ‘ Vy = aP—AKe
. |
. j 0.6 Vy
T ~
| Sl K,
3 .
Actual force-displacement j a, Ke
21 curve
e (1, = = (.21
14 e
—0==006
0 T >
0 1 2 3 4 5 6 .
R i Ay Displacement

[O& B-6] & 22t (Dynamic Instability) (EX: FEMA 440 Figure 3.26(E, Figure 4.3(%))
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