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Earthquake Engineering
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Modeling of buildings

7

LD DD DD

masses lumped in floors
frames with plastic hinges
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Soil-structure interaction

structure with soil in FE and BE

Added structure
(DOF, »")

Contact zone
(DOF, v, : common to soil and structure)

Existing soil
(DOF, »,)

Basement rock input (DOF, v;)

boundary elements

simplified model

Added mass

N

CTTT7777222 22277777777,

Rigid base disk

Vertical
spring and damper

B

Horizontal
spring and damper

From Clough, Penzien (3)
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Modeling of bridges

Model with 20 dynamic DOFs

master | DOF
superstructure, bearings and columns with FE = multiple base input node
3 1 X

. . 86 1 X
Rayleigh-damping: 12
2’(1)1’(1)2 2'((1)2’D2_(1)1’D1) 4
C=aM+pK a=———5(w:Di—w;"Dy) B= P
(1)2 - (1)1 (1)2 - (1)1
with D1=D2=5% and (,01=100.06, (1)2=429.44 gives: 0 Rayleigh - Dimpfung
a = 8.11515890
B =0.00018886
[ S | T p——
N | | Steifigkeitsproportionale Ddmpfung 18 z
| : Massenproportionale Odmpfung 133 19 y
I
I 1 20 z
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Earthquake loading

lumped MDOF-sytem with rigid
base translation (horizontal case)

m-Vv, [ Free body diagram

T\
Rsference aXIS

internal sectional
forces depend on v

|
|
|
I
I .
ft—— 1/, | "
/ " | \j \‘j AN
T |

i —

{
LI
L

Reference axis

T'[ my m-vt+c-v+k-v=20
H m .
| " vi=v+{j}-v,
i where {j} — direction cosine, for buildings typically 1
P, G
.¢__vg_..1 m-"i+c-v+k-v=peff(t)

&1
Perr(t) = —m - {j} - Vg (1)

From Clough, Penzien (3)
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Description of non-linear behaviour

Hysteresis models (1D) — non-degrading models

Bilinear Model D

Ramberg-Osgood model |:

From Wakabayashi (1)
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Description of non-linear behaviour

Hysteresis models (1D) — degrading models

Piecewise linear model Trilinear Takeda model
(Clough and Johnston) for rc-members

From Wakabayashi (1)
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Description of non-linear behaviour

Hysteresis models (1D) — slip-type models

Double bilinear model by

Tanabashi and Kaneta Slip-type model

(a) (b)

From Wakabayashi (1)
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Description of non-linear behaviour

Example for slip-type hysteresis model
(friction connection with multiple stops)

(a)
P kN
1b
(1bs) A( ) No. of Cycles = 50
2000——8.90  Excitation Frequency = 0.20Hz
1000—‘-4.45
-0.40 -0.20 T 0.20 0.40 (in)
]
+—+—1t+++——T+—1+—+—+F—F>2
1046 -5.08 _| 508  10.16 (mm)
1000 —4— -4.45
-2000 —f— 8.90
v
PA
b
(b) Ka
Fa
K4
Py
oy Ko
8
o A
° T
i Ab
A1'l

Displacement (A)

Table 4.2 Hysteretic Model with Multilevel Bearing Stops

Define Ay = Ay + (Ps - Pl)/-[\’l
If {P| < P then
Elastic loading or unloading
P = ]\"()A; “',' =0
Elseif PA <0 and |A| < Ay then
Unloading within hysteresis block
If Ay < ysgn(A) < Ag then
Inner bearing unloading
P=KAvy=A
Else
Elastic unloading
P=FKoA;¥=0
Endif
Elseif |A] < Ay then
Loading within hysteresis block
If ysgn{A) < A then
Slippage .
P=0y=A
Elseif ysgn(A) < Az then
Inner bearing )
P=KiA;v=A
Elseif | P| < Ps then
Elastic loading
P=KoA;7=0
Else
Slippage
P=0;v=0
Endif
Else
Outer bearing loading or unloading
P=RKoA;v=0
Endif
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Description of non-linear behaviour

2D hysteresis model (2D Bouc-When)

qQr
: Qplasﬂ _Aﬂ - h (qr, v)
¥ Quam | S ) Qr
+ Qyield / —_—
A > ) - >
= Qyield + Qyield X
- Qyield *'( — [ S U )
7 ' : : : i = Qplastic + Qplastic
- Qplastic
— Qplastic

From Pradlwarter, Schuéller, Dorka (7)
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Time history analysis

Time discretization:

d? d
Dynamic equilibrium: Mﬁx + C d—x + Kx + f,, = p(t)

with f, : vector of non-linear restoring forces

Shape functions for discretizing x in time:

' TK Ny _§a+9
$ ? 1. . Nn—l - 2 ’

\\_/"

f Nopo1=(1-86-(1+%);
1 N, PR 0 k)
N ) | 4 n+1 = >

o .‘Nn+1
a1 ] | S t
n—1 L st with: & = —

L—At—n—At—m—»' | At
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Weighted residual formulation

_ d’ d’ d’ | weighting functions w
M-(u""1—N, . +u*™—N, +u"*1—N eighting functions W:
. ( dtz n—1 dtz n dtz n+1 N | B | —
d d d s
fW +C - (u"‘laNn_l + u"aNn + u"“a n+1) d€ _“ o ~7) 0
4K - WIN,_ + utN, + utIN, ) | ” | 3 [o| Conua
-+f*n_1Nn—1 + f*nNn + f*n+1Nn+1 - — i — .
Il -g- 1 Backward ‘
fo=f-p — h—
L H|4
— v .
1 1 .
[Lw (& +7)dé ] | o
y _ -1 2 R | B accele
= 1 . ‘ —
f_l W df Mi % % Galerkin
1 1 — ‘
W5 +8)¢dE T T
ﬁ = 1 - 1 o 2 | 12| Goodwin
f_l ' dé MT o
1 1)1 verage
B _L 2 | 4 | acceleration
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3-point recurrence scheme

u™?t! = [M + yAtC + BAL*K] -

1
r[2M — (1 = 2y)AtC — (E — 20 + y) AtzK] -u"\

— [M — (1 —y)AtC + (% + B - y) AtzK] cutt

1
HBALEI 4 (5 = 28 + ) LT

ynt1l = Uy + G(frn+1)

+ (1 + B —y AP £

LT\ Y * )
with:

Uy = [M + yAtC + BAt?K] 1 -

1
r[2M — (1 —2y)AtC — (E — 20 + y) AtzK] -u"\

— [M — (1 —p)AtC + (% +pB - y) AtzK] -yt

1
—BAt?p"tt + (E — 2B + y) At?f1

+(1+ﬁ— )Atzf"‘l
LT\ Y * )

G = BAt2[M + yAtC + BAL2K] L

Prof. Dr.-Ing. Dorka | Response Analysis
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Stability and accuracy

Solution for linear SDOF-
system: y(t) = Ye®
and its recurrent form: Vne1 = YeVEHAD = (gvAt)yevt = 3y

yields a characteristic equation: A*[m + yAtc + BAt*k]

1
+1 [—Zm + (1 — 2y)Atc + (E — 20 + y) Atzk]

+[m—(1—y)Atc+(%+,B—y)At2k] =0

exact solution: A =1
stable solution with numerical A <1
damping:

unstable solution: IA] > 1

Prof. Dr.-Ing. Dorka | Response Analysis 14
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Stability and accuracy

period elongation numerical damping

0.5 10 0=24p=8_7=3
Houbolt —{—p' / '\;i‘;\d— Hilber et al. (ngg. F=025 = o_5>
oube . \ dat-lp ing)
0 4 X.. B '=. 0 .'.' . \. "llll \

. ) 09 — ——— —

7= 08, p F£0,3025 ] ||\ | PeOSfr=0°

Houbol—— | T~ .
0.3 og |_a=27 | f=l0305 v =D A
p =9 .‘ — ——
ATIT Il 7=3 \ —
T\ 7 e=22.f=8. v=3
07 L
10¢ o’ 1/ 1o 10 o
| 4| wilsen
0.1 06 - 2= 14
\ o= 16244
\ | p=60320
\ =2,300
0 05
AMST

y =05 =025 unconditionally stable Newmark

scheme without numerical damping
Prof. Dr.-Ing. Dorka | Response Analysis
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Newton-Raphson iteration within a time step

un+1 = U, + G(ﬁrn+1)

Since the response f, at time n+17 is not known, an

iteration within each time step is required to solve this
equation:

A /')

(a)

Figure 5.7.3

Iteration within a ume step for nonlinear systems:

iteration: (b) Newton—Raphson iteration.

U

24 AR 3 __\R.il
i |
i ! 1
ARY S
i \_f 120 /,,/
N
_\\f..' | /
| \ ,i:!.‘ }
N B
| Au'! - Au'? | At
(b) From Chopra (4)

(a) modified Newton—Raphson

Prof. Dr.-Ing. Dorka | Response Analysis
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Newton-Raphson iteration within a time step

TABLE 5.7.1 MODIFIED NEWTON-RAPHSON ITERATION

1.0 Initialize data.
[ .(] . PR - -~ ~
O =ui o 1O =Use ARV =ap kr=k
2.0 Calculations for each iteration, j = 1,2,3, ...
2.1 Solve: ky Au'd) = ARY) = Au'd),
iy _ i—h A i)
22wl =up, o+ Aw
N ..- . . s I A .y
23 AfY = = 8 4 hy — k) AuY
24 ARUTD — AR _ AfY),

3.0 Repetition for next iteration. Replace j by j + | and repeat calculation steps 2.1t 2.4

From Chopra (4)

Prof. Dr.-Ing. Dorka | Response Analysis 17



UNIKASSEL

VERSITAT
STAHL- & VERBUNDBAU

The Subfeed algorithm

« Sub-stepping avoids iteration within the
time step. This is 100-times faster and
more robust.

Perform matrix inversion and calculate constants

] ] Explicit displacement ugH
* |t can be used in so-called hybrid ‘ i=0
simulations where specimen are
connected to numerical structures iy pply displacoment at cach sub-step L
u"tt =l (1 - ksub) + ug (ksub) + G(fr+ fs)
b on+1 _ o n+1 n+1 n+1 )
ut=ul" + (T + ) l | l
UL - Error [ Measure Compute
Compensation Tz i
| |
=
2 [ Calculate time derivatives at the end of the step |
Q d? ,un+1 _ ﬁn+1. iun-l-l _ ,l'ln+1
atz ™ ' > dt '
u'n—l
Calculate force error

:-f—l _ f[n+1+frn+1 +fs"+1—(]\[‘iln+1 +C‘l'tn+1 +Ku"+1)
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Examples of computed time histories

Response of linear SDOF-system with T=0,5 s and £=0 to El Centro ground motion

(0.4

:Ij 0 w ' 1 (AN N AR .Im' N .|'|I'k‘|"l-" A ‘l11'||l' AALLA A
| | fs elastic resisting force

041 >“,;-... - 0.319¢ it total acceleration
2 4, of the mass
3 : fo peakvalue of the
% () - WHWMNW l ““““I“ “I“ :lasticresistingforce
:;_; W ' ‘ , ! ' ’ ! ! ' ’ ' ' ! u, peak value of the
2 4 1, = 3.34 in. total acceleration
’ 7 . w  weight of the mass
N A AR ARAAA
Lo | i
= folw=137
Prof. Dr.-Ing. Dorka | Response Analysis 19
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Examples of computed time histories

fs
, Corresponding linear system
. !
.fu 1
h ;| Elastoplastic system
JV
|
|
- - U
", U, tyy
- fy uy . .
fy =7=— normalized yield strength
fo Uo
um Y
U=— ductility factor
u
y

From Chopra (4)

Prof. Dr.-Ing. Dorka | Response Analysis
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Examples of computed time histories

Response of elasto-plastic system with T=0,5 s, z=0 and f,=0,125
to El Centro ground motion

deformation

2 4

\

i, 1n.

() 1 (a)

resisting force
expressed as
acceleration

i, = 1.711n.

0.3

fiw=0.171

(b)
fil w=-0.171

2 f
i)
b

0 -

fofw =il

0.3~ °J time intervalls of
+Yicld 1 br1e ¢n nn n i yielding
Yield adli 11 L | U ()
0 | .5 10
0.3 i fime. e yield strength |
= | | b ¢ [
Z 01— /"/ Y’ /:( . — forc.e-deformatlo'n
- | 7 | relation (hysteresis)
-0.3
-2 ] 0 ] 2
Deformation . in. From Chopra (4)
Prof. Dr.-Ing. Dorka | Response Analysis 21
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Examples of computed time histories

Deformation response and yielding of four systems due to El Centro
ground motion; T=0,5 s, {=5% and f,=1- 0,5 - 0,25 and 0,125

(@) fp=1

Uy = 0

2 iy = 1.021n, (hy /., =0.5
0 “WAWANVMNMWVMNWMWN\ANW\/\NWW“ =0.17 in.
]
S Yield 1y 1
= - Yield - LA !
= ), () f,=0.25
=
D 0 :
Q i, =1.11n.
7. e '
“ i, = 1751,
+ Yield__an L1 1 [l L 111
YiCMJ ut LIL'J T U LI
5 (dy f,=0.125
() ] .
w,=1.131in.
iy D
- i, = 2.07 in.
4 \"icId] 0A L 288 N L1 nan_n Ll LLY
- Yield
8] 10 20 30 From Chopra (4)

Time, scc

Prof. Dr.-Ing. Dorka | Response Analysis 22



UNIKASSEL

VERSITAT
STAHL- & VERBUNDBAU

Response spectra

viscously damped SDOF oscillator

200 —

TV myedieku

/

idl.JH(U /
| !

|

From Petersen (2)

1.60

0.80

0.40

Pseudo-Absolut-Beschleunigung, g

b) c)

: e
0.00 L B L A R
0.00 0.50 1.00 1.50 2.00 2.50

Perioden, s
From Meskouris (5)

1
m-ii+d-u+k-u=-m-jp(t) —
solving this equation for various @ and _,
i+2-w-¢-u+w? u=—yp(t) <:| but only for one ground motion gives the
maximum absolute acceleration of every
SDOF system subjected to this ground

k
. a) —_
where: Eigenfrequency: m motion
d
m

Damping ratio: ¢ =

Prof. Dr.-Ing. Dorka | Response Analysis 23
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Elastic design spectra given in codes

The acceleration response spectra in EC 8 are
given with respect to the subsoil classes

Table 3.1: Classification of subsoil classes

Subsoil | Description of stratigraphic profile Parameters
class
Vsa0 (m/s) | Nspr ¢, (kPa)
(bl/30cm)
A Rock or other rock-like geological [> 800 _ _

formation, including at most 5 m of
weaker material at the surface

B Deposits of very dense sand, gravel, or [360 — 800 |> 50 > 250
very stiff clay, at least several tens of m
in thickness, characterised by a gradual
increase of mechanical properties with
depth

C Deep deposits of dense or medium-|180—-360 [15-50 70 -250
dense sand, gravel or stiff clay with
thickness from several tens to many
hundreds of m

D Deposits of loose-to-medium | < 180 <15 <70
cohesionless soil (with or without some
soft  cohesive layers), or of
predominantly soft-to-firm cohesive
soil

E A soil profile consisting of a surface
alluvium layer with V30 values of class
C or D and thickness varying between
about 5 m and 20 m, underlain by
stiffer material with V30> 800 m/s

Sy Deposits consisting — or containing a|< 100 10-20
layer at least 10 m thick — of soft
clays/silts with high plasticity index (PI
> 40) and high water content

(indicative)

S, Deposits  of liquefiable soils, of
sensitive clays, or any other soil profile

not included in classes A —E or S}

ag.k.S

(&)

| 7 7@

Figure 3.1: Elastic response spectrum, Type 1.

Prof. Dr.-Ing. Dorka | Response Analysis
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Elastic and inelastic response spectra

S, [cm/s]
AL/ NP4
/| d
1 00,0 g - From Meskouris (5)
: N N
o® \
q,%v/
10,0 4 \
IO%\//
1’0_‘(“ T 1 T T 117 |_||IIIIJ‘>
0,01 0,1 100,0
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Modal analysis

linear equations of motion for a MDOF, m-u+k-u=0
homogeneous, un-damped case

solving the eigenvalue problem gives us _
the modal matrix @ O =[D; P, D;...D,]

with this modal matrix, the equations of (@7 -m-®)-ii+ (DT - k- D) -u=0
motion can be transform into modal M-F+K-n=0
coordinates d T

or for a damped case with ground acceleration:

(@T-m-®) i+ (@ -c-P)-u+ (T - k-D)-u=—-0"-m-{j}-iip(t)
M-n+C-n+K-n=290

now we have uncoupled equations of motion for n SDOF-systems in modal
coordinates

Prof. Dr.-Ing. Dorka | Response Analysis 26
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Modal analysis

(M1 (0
These n equations could be solved in nz:(t)
known ways, so we get n solutions in n(t) = 1 -.(t) X
modal coordinates in the time domain 77]:
" ()
Z10)
. . u, (t)
With the modal matrix we are able to :
transform these solutions back into u(t) =d-nt) =< ,.\¢
. Uj(t)
local coordinates :
\u,, (t)/

Prof. Dr.-Ing. Dorka | Response Analysis 27
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Modal analysis using response spectra

The modal responses attain their peaks
at different time instants. How do we
have to combine these peak values?

n
S = Z|S]~| Superposition of absolute values
j=1

Square — Root — Sum — of — Square (SRSS)

n n
S = zzsj‘ij'Sk

n / j=1k=1

A \// \\/ 3 pjx = correlation coef ficient

Complete Quadratic Combination (CQC)

Prof. Dr.-Ing. Dorka | Response Analysis 28
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