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4.1 EXAMPLES FROM (REAL) CASE HISTORIES

The examples which follow come from real seismic events and may
help fro a first qualitative as well as quantitative evaluation of soil

effects on recorded seismic ground motions. Thus, keep notes with
regard to the:

A. Soil "amplification” coefficient o
B. Important soil and seismic motion parameters =

C. Frequency dependence of soil amplification effects
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San Francisco 1989....
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Soil "amplification” or “de-amplification” ?
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Kobe, Japan 1995
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Athens, Greece 1999. ...
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Mexico City 1985
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Initial Conclusions :

A. Soil "amplification” coefficient:  (0.40-3.20) 0.6-2.0
B. Important soil and seismic motion parameters:
soil & excitation characteristics

C. Frequency dependence of soil amplification effects:
a, .. & Sa

Quite often,

the effect of a few (tens of) meters of soft soil
is larger and more significant than

than the effect a few kilometers of earth crust....
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Seismic Codes: EAK-2000 ...
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Seismic Codes: EC-8 ...

A 1.0 1.0 0.15 0.05 0.4 0.25
A Bl 12 | 135 | 015 | 005 | 05 | 0.25
Cl 1.15 1.5 0.20 0.10 0.6 0.25
B D| 1.35 1.8 0.20 0.10 0.8 0.30
E 1.4 1.6 0.15 0.05 0.5 0.25
Deep deposits of 3
dense or medium- V 3,=180-360m/s
dense sand, gravel or ¥ M<5.5
C | stiff clay with Ngpr=15-50
thickness from
several tens to many | C =70-250KPa 2
hundreds of m ié”
Q
U)CD
D l - D
A,B,C,E\
E
o....l....l....
0 0.5 1 1.5

GEORGE BOUCKOVALAS, National Technical University of Athes, Greece, 2011 4.10




In principle, analysis-prediction of soil effects is
possible with one of the three following methods
(with greatly different complexity, as well as,
accuracy):

I. Analytical (harmonic excitation,
uniform & elastic soil, ..)

IT. Empirical (based on geological and
seismological input)

accuracy
simplicity

ITT. Numerical (SHAKE, DESRA, ...)
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GRS TANAYIRLGATMENFODS!

» Uniform elastic soil on rigid bedrock

» Uniform visco-elastic soil on rigid
bedrock

> Uniform visco-elastic soil on flexible
bedrock

> Non-uniform visco-elastic soil on
flexible bedrock

Elastic soil no RIGID bedrock
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Due to the RIGID bedrock assumption

(motion A) = (motion B)
And consequently

motion I’ _ motion I’

F(o)=— = .
xivhon B motion A




Visco-elastic soil on RIGID bedrock
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According to the “correspondence principle”, you may use the
solution for elastic soil, with the real soil variables replaced
by the corresponding complex variables. Thus,
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on RIGID
bedrock

Visco-elastic
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RIGID
bedrock
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Uniform visco-elastic soil on FLEXIBLE
bedrock

Boundary conditions:

i é u, = [ZAS COS k:ZS ]eia’t “ z,=0:7=G; ZZ: =0—>-u, = (ZAS Cosk. z, )ef“”
% H Zb:O,zS:H:uS(H):ub(O)&Gsaus:Gb%
0z, 0z,
ps.Vs |
I Po. Vs 4 =2 afra e v ma e |
y A ei(a)t+k;zb) — % * *
’ B, = > A, [(1— a*)e""sH + (1+ a*)e‘”‘sH]
otk
% Bbe’(“’ ) * | |
s opV _pV Ltie, | 1+ig

oV, pV, 1+ié, 1+ig,

GEORGE BOUCKOVALAS, National Technical University of Athes, Greece, 2011 4.16




F (a))—

u (0) 24

B

‘Fs(wx =

“u(0) A4,+8B, =
1 1

‘cos(k:H) - [cosz(ksH)'F (‘fsksH)z]%

=|F.(a)

However, in practice it is more
important to know the ratio

U,/U:

Flo)="=2
r

g
24,
7 1
F, (0’) - ‘cos(k:H)'F ia: sin(k:H] i [cos2 (ksH)+ (gsksH)z]%

0 TOoV
I3 2 ]-;xc. o 2 v -> _»O __>
=g +_a-r=| | Yia dkapnto Ppaxo, Vy>ee, a0, £~E,,
ETOI.
4 1
a, = 2 % ‘F ) (a)]
b b Los kH yr
erdity of th r§ é 201

GEORGE TOUCKOVALAS, National Te

—‘F

417




Important soil and excitation parameters affecting
soil amplification . . .
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> Seismic Codes

> Semi-analytical relationships

Damage analysis from previous earthquakes:
San Francisco iso-seismal map
From the 1906 earthquake

LEGEND SAN FRANCISCO

regaorp XX
En

-
37°48°00° + VI—VII

=y

37°47°30°

37°47°00° |

37°46'30°

NORTH LATITUDE

37°46°00° |

37°45°30° |

37°45'00° L

lllllllllllllllll

12230° 12229° 12228 12227 12726 12825 12224’ 12223

GEORGE BOUCKOVALAS, National WUG&W&W@EG@%& 2011 419




Correlations to (surface) geology:

Factors of average spectral amplification

~ Geological unit Relatve amplification factor]
Borcherdt and Gibbs (1976)
Bay mud 11.2
Alluvium 3.9
Santa Clara Formation 2.7
Great Valley seque:ce 23
Franciscan Formaticii 1.6
Granite 1.0
Shima(1978)
Peat 1.6
Humus soil 1.4
Clay 1.3
Loam 1.0
Sand [ 0.9
“Midoerikawa(1987)
Holocene 3.0
Pleistocene 2.1
Quaternary volcanic rocks 1.6
Miocene 1.5
Pre-Tertiary 1.0
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Recent Seismic Codes: w.x. EC - 8

M<5.5

M>5.5

Ground
type

Parameters

Description of stratigraphic profile

Vs.30 (M/S)

Nspr
(blows/30cm)

cu (kPa)

A

Rock or other rock-like geological
formation, including at most 5 m of
weaker material at the surface

> 800

Deposits of very dense sand, gravel, or
very stiff clay, at least several tens of m
in thickness, characterised by a gradual
increase of mechanical properties with
depth

360 — 800

> 50

> 250

Deep deposits of dense or medium-
dense sand, gravel or stiff clay with
thickness from several tens to many
hundreds of m

180 - 360

15-50

70 - 250

Deposits of loose-to-medium
cohesionless soil (with or without some
soft cohesive layers), or of
predominantly soft-to-firm cohesive soil

<180

<15

<70

A soil profile consisting of a surface
alluvium layer with V30 values of type
C or D and thickness varying between
about 5 m and 20 m, underlain by stiffer
material with V530> 800 m/s

S1

Deposits consisting — or containing a
layer at least 10 m thick — of soft
clays/silts with high plasticity index (Pl
> 40) and high water content

<100
(indicative)

10-20

S2

Deposits of liquefiable soils, of sensitive
clays, or any other soil profile not
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Soil Factors - Soil Categories EC 8- Effect of VS,30
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Vb 800 m/s V,=1200 m/s
700 / - 7004 RS 3
>
A >
600 - 600 -
hA \'.5
@ 500 - / L 5001 AR L
— ~ NG rd
Q A2
£ A1l o 2 Br AL/ B
N—r H \'5 / H
" ;
> 300 A2 A - 300 A2 M L
200 ClL 20 ClL
1004 100+
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
H (m) H (m)
H (m) H (m)
1.8
1.7 o EC8
16 | O Suggested
s | [ Vesooms
14 [ [ Vvp=1200m/s
@ 1.3 I b I Average
B C D E

GEORGE BOUCKOVALAS, National Technical University of Athes, Greece, 2011 4.23




Semi-analytical relationships
(Bouckovalas & Papadimitriou, 2003)

IDEALIZED conditions REAL conditions

linear visco-elastic soil nonlinear visco-elastic soil
A C
o *—

4 1
<1 $s s Vi layeri: pg, &, , Vs,-/
T.=4H/V, H
/
______ v __~

Ilnear visco- elastic SEISMIC BEDROCK
P, Sy, Vy, T,=4H/V,

@W‘M

Te

Semi-analytical relationships
(Bouckovalas & Papadimitriou, 2003)
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linear visco-elastic soil nonlinear visco-elastic soil

C A A C

- O A @ 1 =
Pss Sy Vs layeri: pg;, &, V.

T=4H/V. H
/
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o j v /
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motion at A
Soil ‘Amplification’ =

otion at C

m
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Database with more than 700
SHAKE-type analyses

Site Characteristics Excitation Characteristics
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Step 2: ‘Amplification’ of peak
ground acceleration, A,

Data
2" T,/To=0.05-0.40
- N=05-2
15 av,, =041-045
A, o
1 o) O
~ &8 o 0
8- 8 g © 0
0.5 |- bestfit © o O © 4
relation ©
0 | | | |
0 1 2 3 4 5 6
o TS / Te
best fit relation: p» V017 m
Cl :1.2((1 max)
2 1+ \/;
L 1am)
“ 12 5 C, =105+057.%
~(I/L, )| +CA(Ty/T,) T

Step 3: 'Amplification’ of normalized
Elastic Response Spectra, A,,*

2

1.75 -

fit relation

fit relation:

2
* _ 1+Bl(Tstr/Ts)
Sa  ~ 0.25 -

2
\/b_(Tstr/Ts )2] +322(Tstr/Ts )2

T/ Ts

(1 A *) str
B — A %k B _ + Sa,r

1 Sa,r —A "
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Peak Spectral 'Amplification’, A,sg,p*

8
Data
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VERIFICATION CASE STUDY

3 sites during the Northridge 1994 earthquake (M,=6.7)

N

Santa Susana Mts LDF.

HWY 180
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Epicenter 1-405

HWY 101
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f San Gabiriel
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|
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HWY 101

01 2 3 miles

L —————

Soil conditions at recording sites
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0 300 600 900
3 LDF
s LDF: ‘bedrock’ site
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Site response at SFY (Arleta Fire Station)

Approx. Relations Num. Predictions Approx. Relations
vs Records vs Records vs Numer. Predictions

L L L LLill) 1 llllllll
0.01 0.1 1 0.01 0.1 1

T, (sec) Ty (sec)

Site response at RRS (Rinaldi Receiving Station)

Approx. Relations Num. Predictions Approx. Relations
vs Records vs Records vs Numer. Predictions
2 —
1 L § é{l
[ 5
- "/
0 1 | | 0 | |
0.01 0.1 1 0.01 0.1 1

Tstr (SeC) Tstr (SeC) / Tstr (SeC)
Approx. Relations = Numerical @
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The accompanying figures provide the basic data with regard to the recent
(2003) strong motion recording in the island of Lefkada:

-Acceleration time histories and elastic response spectra (5% structural
damping) from the two horizontal seismic motion recordings on the ground

surface.

-Acceleration time histories and elastic response spectra (5% structural
damping) for the two horizontal seismic motion recordings on the surface of
the outcropping bedrock, as computed with a non-linear numerical analysis

-Soil profile at the recording site.

Using the semi-analytical relationships, COMPUTE the ground surface spectral
accelerations, at 5-6 representative structural periods, using the seismic
recordings at the outcropping bedrock as input.

Compare with the actual recordings and comment on causes of any observed

differences.

(NOTE: Choose the LONG component of seismic motion for your computations)

0.4

0.2

a(g)

-0.2

-0.4

0.4

0.2

a(g)

-0.2

-0.4

GEORGE BOUCKOVALAS, National Technical University of Athes, Greece, 2011

LONG

TRANS

Y

0,34—Surface

0,42+ Surface-

fkas

Out.lBedlrock-

Out.'Bed'rock-

0,20

)

0,35

5

10 15
Time (s)

20 25

0

5 10 15

Time (s)

20 25

4.30




18 LONG TRANS
|
12 i M
9 \'\ | \
© 1
o A RYW
* AR A\
o W :
25
i \ f‘u‘ h
<$ 1.5 " A
0.5
0 0.4 0.8 1.2 1.6 0 0.4 0.8 1.2 1.6 2
Tstr (S) Tstr (S)

Soil profile at the recording site

Ngpr Vs (m/sec) Y (%)
0 10 20 30 40 50 0 100 200 300 400 500 104 10° 102 100 1 10
= 0 1 o |
2.0 r 08 \\
CH 5 3 \
6.0 E0'6 1\
SC e o \)
O o. \
ML 10 1\\
12'0 —~~ 02 N\
é >50
< 15 0
MARL % 30
ch |3 -50 )(
20 ® >50
\?20 ] / 7
H=24m S /
25 >50 - — “ 10 /
>50 b 9 /ls //
30 >50 o |

GEORGE BOUCKOVALAS, National Technical University of Athes, Greece, 2011

4.31




N IUMERLGAIMENF ODS;

+ NON-LINEAR
TIME DOMAIN ANALYSIS

+ EQUIVALENT LINEAR -
FREQUENCY DOMAIN ANALYSIS

EQUIVALENT-LINEAR ANALYSIS

(also known as complex response method in the frequency domain)

Response
- f P

S MW\AN,\/\H\ /\A A
. il w v

at the
@ free ground surface

Excitation Py, Gy (szo) or at the
at the “ m inter-face between
“outcropping” | ”v " layers
or at the i
“buried” N
ynOBAePO GEORGE BOLL KOVALAS, National Technical University of Athes, Greece, 2011 4.32




This numerical method is essentially based on the
analytical solution for . . .

NONUNIFORM (layered) visco-elastic soil on flexible
bedrock.

uy motion at layer m

_ ik;zm —ik:nzm iot
u —(Ame +B e )e

*

— m o o__ ikyzy —ik;zm iot
t. =G —szkm(Ame B e )e

U
m+1 a
4
@ m+1 pm+1: vm+1: §m+1 m

Boundary constraints at the free ground surface
7,,=0=>4, =B
u, = 24, Cosk, z,e
7, = 24 (iG/K] )sin &, z,e™
Boundary constraints between layers
Uppiro =Upy = Ay + By = Ame”‘;hm + Bme‘”‘:"hm

kG " "
_ _ _ m m lkmhm _ —lkmhm
Tm+1,0 - Tm,hm : Am+1 B Ame Bme

m+l T % *
km+1Gm+l
and finally
1 *\ ik h 1 *\ ik h
Am+1\:—Am(l+am)e M+—Bm(1—am)e o «
2 2 r * IOm Vm
omov a, = ——"——
1 AV ik h,, PtV s

m+1

B = E Am (1 _Gla)}%G} U%KOV?&T_KE ISBW{I(LElTnaWn sity of Athes, Greece, 2011 3s




Sequential application, from the free ground
surface (i=1) to deeper layers (i=m)

A, =%A1 (1+a:)e"k:h1 +%A1 (l—af)e_"k'*"1

or

= A, (cosk; b +ia; sink}h,) briefly
B, = %A1 (l—a:)eik;"‘ +%A1 (1+¢l:)e_"k:hl 4,=1, (k;h1)141
= A, (cosk;h, —ia; sink;h, ) B, =g (kh)4
4, = %Az (1+ aZ)e”‘z”z +%B2 (1— a, )e‘”‘zhz
or,
= A{% a,(L+ a} " +% BlL-a) e " } briefly

A =1,k h,kh ) A
By = A{% al(l—a; )eik;hz +% ,Bl(1+ a, )e‘ik;hz } o=/ ( 1*hl 2* 2) 1
B, =g, (klhl’k2h2)A1

An=A;.fr_1(ki"hy, k'hy, ..., ky'hy)
Bn=A1.9m-1(ks"hy, k'hy, ..., ki'hy)

Considering that A;=B,, the soil amplification factor

becomes:
‘F (w):uA: A1+Bl _ 2
3 Up Am +Bm fm—l +gm—1
_ua| _|ua| /] ur
o @l-fre|-[ial i =
Fy (0)| = |F3 ()] o] cos? (ky H) + (&K, H)

(up = up)
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The basic input data required for this type of analysis
are the following:

+ Acceleration time history for the seismic excitation.

+ The elastic shear modulus 6, , and the specific mass
density p, of the seismic bedrock

+ The depth and the thickness of each soil layer i

+ The elastic shear modulus G, ; and the specific mass
density p; of each soil layer i

+ Experimental curves describing the variation of the
shear modulus and hysteretic damping ratios with cyclic
shear strain amplitude (6/6,-y and §-y curves)

- shear modulus

earthquake :> I:):Zlfilil;::g ::> degradation

* hysteretic energy
GEORGE BOUCKOVALAS, National Technical University of Athes, Grfa:ggOﬂ 4.35




Experimental curves for the 6/Go-y and -y relations
(Vucetic & Dobry, 1991)

PI=0]

15

30

100

200

104 103 102 107 100 10 10+ 103 102 10 10° 10

v (%) v (e

Effect of soil type (through I, i PI)

Effect of effective consolidation stress
on the 6/6o-y and £-y relations

1.00 1.00
0.80 0.80
G 0.60 G 0.60
G G,
"*0.40 "%0.40
0.20 & 0.20
0.00 0.00
10® 10° 10* 10° 102 10’ 10 10° 10* 10° 102 10"
Cyclic shear strain amplitude, y Cyclic shear strain amplitude, y
G  \rlroer)m, (Ishibashi 1992)
o - K(z, PI)(am)
0.492
K(y,PI)= 0.5{1 + tanh[ln [MJ ]}
y
0.0 yia PI =0
(7.P1) 02723 1 ramnl 1 (0.000556 )"“’ voraspr 3) (#1) 3.37x 107" pr-4** na0<PI< IS
m\y, —m, =0 —tanh| In ” exp(— 3 n = 7.0x10_7PII‘976 ST
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Solution Sequence

1st Step: Fourier analysis (transform) of the seismic
excitation into harmonic components

2rd Step: 6=6,, kai §=¢,

3rd Step: Computation of transfer functions F;; for each soil
layer and each harmonic excitation component

4™ Step: Computation of ground response for each harmonic
excitation component

5th Step: Inverse Fourier analysis (transform) of the harmonic
ground response components for the computation of
the seismic ground response

6™ Step: Computation of maximum shear strain amplitude
Ymax @t the middepth of each soil layer

7th Step: Computation of the shear modulus G and damping ratio §
values which correspond to 2/3 v,,,.

GEORGE BOUCKOVALAS, National Technical University of Athes, Greece, 2011 4.37




N ENIUMERLGATBMEIFODS

+ NON-LINEAR

TIME DOMAIN ANALYSIS -

+ EQUIVALENT LINEAR
FREQUENCY DOMAIN ANALYSIS

NON-LINEAR ANALYSIS

(time domain analysis)

— ‘1 « «_— Pesponse
A\\ I %
i " Pi. S &oi
The basic input data include: :
p /-\/

+ Acceleration time history
for the seismic excitation.

+ The elastic shear modulus G, , and the specific mass density p,
of the seismic bedrock

+ The depth and the thickness of each soil layer i

+ The elastic shear modulus 6, ; and the specific mass density p;
of each soil layer i

+ The shear stress-strain relationship (v-y) for monotonic and
cyclic loading of each soil layer
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The layered soil profile is discretized and simulated
as a system of lamped masses and visco-elastic

spr'lngs .
| {
:“PW" 1ty L H G} :-------~-———-—---—. My = p H
l l Ky |= Y210 Hir Gy M)
o0 2 gy Myl Lo My =M
1 = /4 (GaH3. Ha)
| | Kz 2 63
F |
I o1pwaon L fﬂl s Mo ) Paisams @ty wisioisioreREimeEnE = M =B Hy
II — Ki |-/ (G HieG*) Hi+1)
| otpion  ie lplq,l-i-l,su‘llr. ___________________ Mi+1 = Pi+1 Hi+1
|
t ' Kis1
" |
I
iotpway N pn ,Hp ., 6n |

oEWWwWo undfadpa ub 1 '

The layered soil profile is discretized and simulated
as a system of lamped masses and visco-elastic

1
= /2 [Gszq-Ga H3}

[ d
|
:otpm 1opy M G :_ ot e owm T msmen mras My = p H
| | 1 |- V216 Hr6z My )
! otpwon 2 lp, stﬁzl IL ——————————————————— My = p, H
|
L
r

lotpwon p, MG ) p-=-=---====-~-—--=-=-—~

M=, M

| Ki =1/2[G‘. H;.GF+1H|i':J . .
{“P o el oy 1_»&-1.&-11:- ------------------- Mis1 =Pi+1 Hi MX + _ —MUb
:o‘:pﬁlan n Ppn .Hn ,Gn Il
b RS 77 77 RNST 77777
oEwCWwNd  Uncfadpo Uk._
M, | (K, -K, 0 0
M -K, K,+K, -K 0
with M = ° K= Lot .
0 -K, K,+K, -K,
! M, | 0 0 -K, .
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Solution of the previous differential equation is
achieved with time integration, for given initial
conditions and a given time history of base
excitation U(1).

Given that G=f(T 1 vy), it is evident that also K=f(V).
Hence, we deal with a non-linear differential equation,
which has to be solved incrementally, in very small time
steps (small enough to ensure convergence).

Regardless of the solution algorithm, it is mandatory to
define the shear stress-strain relationship (T-y) which
controls the dynamic response (loading-unloading-
reloading) of each soil layer.

In fact, the accuracy of the numerical predictions is very
sensitive to the adopted 1-y relationsip, a fact that most
users either are not aware of or ... choose to overlook.

AN/ P Y..

Y

loading: “T,¢T=Y6 <71,

Unloading from (v.,v.): ST < TR =R 6 g TN,

X K E .
where 1*=7-1, Yy*=y-y, kai T, *=T_ +|7.|
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Loop for T<T,

Comparison with
N experimental data

104 103 102 10 100 10
v (%)

RAPID degradation of
shear modulus 6 . . .

15
20— o
30
and, even worst, RAPID & 3¢ [ocR=1%]
EXTREME increase of the : 15— / 50
critical damping ratio § /,// 100
10— / 200 N

prediciion of fihier seismic ground 0 -
3 -
r‘esponse? bnal TechnilgrtUniversity ;])PAthes, Greel:g, 2011
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(P) Bi=linearrelasioplastic

(@) ITl < Iv,l
T
To [ — 1 =z loadin
T [A Ye=¢ &
6, °
T-T7, unloading —
Ye Yo y—rv.= .
Y G, reloading
""""" 6/6,=1
¢=0
T |
) | ®) I7l > Il
>
/ loading: y—y =——t0 = y=y 47 To
i g * y 70 Gl }, 70 Gl

// Ye oV

unloading from y_,t,:

T =r-1, .

. T T=Gy Gy-G,y,
y =vy=v. G=—= } y=y,+—LTddo
* /4 ro_Goyo Gl
7,=127,

G/G }'_},o G G G
},=},0+ Gol = /Go},_},o+/Goyo=/Goy
Go
G/, _Y 1- G, + G,
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_____________________

1 AE
g LAE
Ar E_,
AE
_2r=7.) 2, _
AE = o cOsﬂcos(az+,8)—
=4(y-y,)r,(1-tana tan B)
tana = G,

tan,B=tan(90—,B')=cot,B'=—

Esk

2(7_},0)270
cosacos f§

G]
> AE_4(7_}"’)T"(1_E]

o

1
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0 )
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1.00

%‘5; Comparison with
=1 w‘j';'?\_ experimental data
o 060} %x G1/G0=0.50
2 . |
S o4} G1/Go=0% '\
0.20 -
0.00 el i |
1E-4 1E-3 1E-2 0.1 1 1E+1
30
?
| G1/Go=0 -
20 |
g 15 |-
What are the consequences of
- the observed deviations for the
5| prediction of seismic ground
response?
?E-4

o \PLEY

HYSTERETLC MODELS

(a) The “hyperbolic” model

T .
I,JGO 16  monotonic
loading - unloading

Y y=t—
G, _ I
7.

,
,
,
...........................
g
‘ m
,
,

)]

The above relation for the 6/6, ratio is more or
less valid regardless of the unloading-reloading

scheme which will be chosen to simulate cyclic
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Cycllic unloading - reloading according to _MASING (1926)

(it is popular as it always leads to closed and symmeftric loops)

VEv-y,  TET-T
6. <6,
doo v _T—T, 1
p }, },c Go ‘T_Tc
1-—
27,
G —
P A (ot D,

e o« T 1 1
—}/1= T* —_ =
o 1_7
27, T

o[ 2 2t B

G, |2r,-t 2t,-21
‘202 -22,7, 207 +7°7,

G, (27, -7 Sz, -7.)

<\
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dtc G (r —z'c) 2t —7T
27, . * *_2
AE=— 27 IT(T T)dr*
Go(r —r) 2z, -7
1 17 1 T’
E= c},c 2 G—ZG z
o Tm
1 AE 2 G
5—4” = (1 2a)+— (a2+a)ln€=
2 G
f—;[l—Zalna]

1
with a——'”— Kai =

Cyclic unloading - reloading according to _PYKE (1979)

(it may be simpler, but does not provide closed and symmeftric

hysteresis loops)
T*
T
Tm e
Tl
Y*
Yc Y
_________ -Tm
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Representative hysteresis loops for the hyperbolic model
with unloading-relaoding according to Masing and according

to Pyke

HYPERBOLIC
MODEL &
PYKE ey
1"' ,.? p
A AT v
4
S g
R 2  HvpersoLIC
. MODEL &
MASING

Cyclic unloading - reloading according to _PYKE (1979)

.=
1+ ?
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T =7-1,
G =G,
: T
T, =7, 1T, =rm(1+—J
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p 7 }’c Go ‘T—Tc
1-
rm(1+T‘J
Tm
G,(r-7.)

N T—7, =

TC
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similarly . . .

G az(a+2)
G, Ca’+4a+2

§=a+1[_ 4c,

2z Ca+2

+2C,+2C,-Cla ln(l + i) —~Cja ln(
Ca

1+—
C,a

2

1 2a+4
+ 2
a+1 a +4a+?2

Comparison with experimental data .........
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What are the consequences
of the observed deviations
for the prediction of seismic

ground response?
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(b) Ramberg-Osgood (1943)

Monotonic loading T
Tsa *
1 |1,'| w—1
y=—" |14 L1 (—) T .
Gmax ay 7'.1 * .
a, = 0.64 Y
for ? y=—t|1+ 0.5625.71
w= 2 Gmax Tl
Unloading-reloading
y =r-7. GG - L ay=0.64} G I
* max 1 T
T =T7T—7T, 1+ — =1 % w=2 G . T,
* (ay J r 1+0.56° <
T, = 22’1 1
2(w-1 G 2
Sl N
g n'(w+1)( Gmn) 6=§(1_GGW)

Representative hysteresis loop for Ramberg-Osgood model
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Gy / Gaax

Comparison with experimental data ............

10

08

06

£ (%)

04

-—-- VuceijcandDobry(M‘l)m]’={!-200‘i
———  Ramberg-Osgood yia w = 2, ay = 064

00 g agyl N | T —— it
IE-4 1E-3 1E-2 1E-1 1IE+0

Fair agreement with the experimental data is possible, both for 6/60 and
€-y, following a proper selection of the model parameters. This is not
possible with any of the models presented earlier.

Final Comments on Numerical Methods

The nonlinear analysis with time integration is free from any basic approximations
and, , in theory at least, it may provide higher accuracy. However, in practice, it is also
subjected to some important limitations which need fo be accounted for during
application.

First, we must make sure that the code that we are using is equipped with the
proper constitutive model for the simulation of cyclic soil response. In addition, extra
caution is required for assigning the correct critical damping ratio ¢, (or D,) at very
small shear strain amplitudes, since this parameter is frequency dependent (Rayleigh
damping) and may obtain erroneously high values if we are not careful (e.g. see figure of
next page).

In any case, we have to admit that this methodology is the most reliable for
applications where intense soil non-linearity is anticipated (e.g. very strong seismic
excitations and/or very soft soils).

The basic advantage of the equivalent-linear analysis in the frequency domain is
simplicity. On the other hand, this method violates one basic law of Mechanics: it
applies supperposition of the harmonic components of ground response despite that soil
response during seismic loading is non-linear. As a result, the contribution of high-
frequency components is underestimated while the contribution of the low frequency
components is over estimated. Nevertheless, these effects are not significant, and may
be readily overlooked, as long as the shear strain amplitude in the ground does not

0,
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Example of Rayleighl damping ratio variation

with excitation frequency

Frequency - hz
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Homework 4.2

+ Fit the elastic - perfectly plastic model to the experimental
curves for 6/6,,,, of Vuccetic & Dobr'f/ for 6/6,,,,=0.50, for the
different values of plasticity index PL. In the sequel, compare
Thle theoretical and the experimental 6/6,, - v and -y
relations.

+ What is the maximum ¢ value predicted with the various
theoretical models presented here? How does this value
compare to the maximum experimental values? How important
are the observed differences for the prediction of seismic
ground response?

Experimental curves for the 6/Go-y and -y relations
(Vucetic & Dobry, 1991)

Pl=0"]
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Homework 4.3:
Soil effects in Lefkada, Greece (2003) earthquake

The accompanying figures provide the basic data with regard fo the recent
(2003) strong motion recording in the island of Lefkada:

-Acceleration time histories and elastic response spectra (5% structural
damping) from the two horizontal seismic motion recordings on the ground
surface.

-Acceleration time histories and elastic response spectra (5% structural
damping) for the two horizontal seismic motion recordings on the surface of the
outcropping bedrock, as computed with a non-linear numerical analysis

-Soil profile at the recording site.

(a) Using the equivalent linear method of analysis, COMPUTE the peak seismic
acceleration and the elastic response spectra at the free ground surface, using
as input the seismic recordings at the outcropping bedrock.

Compare with the actual recordings and comment on causes of any observed
differences.

(b) Repeat your computations assuming that soil response is elastoplastic (see
Hwk 4.2) and compare with the predictions of (a) above. Comment on the
observed differences.

(NOTE: Choose the LONG component of seismic motion for your computations)

LONG TRANS
0.4 5 0,34—+Surfacer 1 0,42—Surface-
0.2 | I Jl: .
— | [ R
(®))
TU/ 0 | | "VMAVAW
-0.2 ¥
WK
-0.4
0.4 Out,lBedIl’OCk‘ Out.Bedrock
02 II | | |II "
Py L b
9 0 V'A‘ll""V'L'I"" At W
° 02 111 -
e \0 20 I
’ )
-0.4 O’ 33
0 5 10 15 20 25 0 5 10 15 20 25
Time (s) Time (s)
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