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his paperintroduces the elastic response spectrum models for different ground conditions, with

d paricular em phasis on the phenomenon of peiodic ground shaking in flexible soil sites. The

natural perod of the site, which is closely comelated with the depth of the soil sediments, has
been incorporated as a parameterin the construction of the soil ,esponse spectrum.

The model, o be intreduced in the dmoft Hoticnal A nnesx (RA
fo Eunsoode & (BC8) for Makyeio, resembes reol behovicur
mucsh better than the response spectrum modek stipubted
b ECE el The meed to oddress the effects of site penodic ity
B paticukty jetified in egions of ow-tc-mode mite seismmic ity
such o Maknsio, wher structures are hpicoly of limitedd
ductility and sz, are vulnembe to the ekestic amplificoaton
phencrencn o descibed in the poper

INTRODUCTION

Szil medificotion of seEmic woves within szil sedirmentory
overs overling bedreck con hove significont effects on
both their ampltude and frequency propeties. Multipke
eflected sekmicwotees thot arstropped within the scil loyer
ore peiodic in nature g resul of filkenng ond wose super
positicn. The deeperthe soil oyve s, the onoer it toles for the
eflected wowve frent o trowel threugh the scil mediom. Thus,
the noturgl pencd of the site is oontrelied by the thickness of
the soil lonyems.

The extent of soilamplification ko depends on the evel
of shaking, the prepeties of the soil motenok (ncluding s
shear medulus and posticity) and the sheor moedulus of the
unceEtving bednock motenok. Amplification of the esponse
of structures to pericdics excitation iz ven selective in notuns,
in that the effects are onl prencunced in stuctures of o
crtain pericd mnoe. Inoonditions of sesene e und sholking,
site camplificoticon cesocioted with the percdic moticn:s oon
be suppreszed by enemy desipoticon in on in elostioolly
responding ductie structure and in the soi mediom el
Thus, e effects howe not been explicity pomimetensed in
majer codes of proictces thot wens defved from eseansh
ond experences in egicn: of high ssiemicity. The Boue of
penodicity hoe much areater desion implicotiens in regions
of Ew-to-medemte seismicity such o Moloysio, whens
stmucstures e typicoly of limited ductility and mcticns in the
szl cine Nt o intenskee, gs the amount of eneroy dissipation
B much less thon that in regicnes of hioh seemicity.

Site effects con be conveniently cbeerved on esponss
spectrd. In situctions where o distinet scil-rock inte focs
expts, the amplficoticn ot weucll hos o oo m seloe
ooz to the notuml pericd of the soil koyer (T Figuee 1 iz o
oood example of amplificoticn driven By scil site peicdicity;
it shows the oosslercticon mesponse spectum eosidedd
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on ook and sxd sites at Caklond COuter Horeour in the
1929 eqthguoke at Loema Preta, Calfornic, United States
(Dickenscn e ol 19210 Inthe dioft B te BCAE for Moloysic,
the site notuml percd (T B incepoected e o pomimeter in
the constnucticn of the responese spectnam for stuctunes.
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The spect nol oo encticn values cine o few times omeren
o sxilsite incemparec new ith o noclcete whike the amplificoticon
rotic B in the ender of four times forthe peclks ot Q.72 Such
significant and sekective amplificcticn phencmenen hce o
be token inte ooccunt in the construction of the responee
spectiim op per desion code of procticss

ERIEF PEVIEW OF EXISTING EC& MODEL
EZ& mozmmends bwie types of elostic esponss spectrum:
Type 1 for hioh seismicity careds and Tvpe 2 for ess active
s The spectrl shopes mimick the spectml shopes of
loroe (M o= 778 and smcll (M = 55 mognitude events
cournng ot o site-sounce detancs of 10km, which will in
effect, iesult in differsnt sets of comer peicds. However i B
stoted cleorly in BECE, Part 1 Clouse 202.°2.°¢ (23P that suitablke
wollues of corne T penods coukd Be investiooted and s pecified
inthe A of o countny cand that it is net necesan o stick to
the uze of ether Type 1 orType ¢ ieeponse spectnim.
Althocugh the impotonce of the totol thickness of scil
o Bwell eococaneed, site cloesificoticon newodoys B bosed
sl on the prepetes o o cerain fied depth of near-
surfoce moterick. In BECE, o site shall be ckhssified aoozrding
to the wolue of the ovemge sheor wove velocty (5
[Woad, of the volue of Standond Penstroticn Resistonoe Test
CAPTY — W (for cohesicn-less scil), or the volue of undmined
shearstrength ¢, (foroshes e wil), overthe upper 20m.



Acgite sholl be clossified os either Site Clegs &, B2, DL EL 5
o Fz bosed on site soil properties. Profiles oo nfoining distinetly
different acil cnd/or noclk iovem shall be subdivided into thowe
overs designoted by o nurmber from 1 1o 2 of the bottoem
whens there cre 0 totol of 2 detinet Byers in the upper20m.
The symbcl: then refer to any one of the oyer between
1 ondd ». The ovemoe sheor wohe welocity W oon be
cemputed by Equaticon (1) The same equotion clse applies
to the computotien of the values of SPT-N and unddroined
sheoir strenoth.
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where Wi =The sheor wove velocity inomfs
oy =The thickres of any oyer between 0and 20m.
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A uniform sl focton 5 sholl be oppled ocrss the
whole erponss spectrunm for ecch site close (oreund type),
which B up to 1.4 (for Tvpe 13 and 1.8 (for Type 2) The
fimt comer perod Te wores betwesn 0.4 8 to 088 (for Tvpe
13 and betwesn 028 o 028 for Type &) elbstic esponse
spectrum. Longersoluss of Te eseenticlhy frorekote tooo higher
cemond ot the inte rmedicte-to-lenog-perod mnoe. b & foed
of 208 (for Type 1) or 128 (for Type 2. Moted that Te B the
firt corner pericd ot the upper limit of the constont spect ol
cicelerotion o n of the eleetic eeponss spectrumm micce,
whilst Tp & the second comer pericd ot the beginning (ower
lirnitd =f the conetont spect ol displic=rent reqgicn.

PROPOSED SITE CLASSIFICATION SCHEME
In the propoeed scheme, O site shall be chomctered by
the weighted overoge initicl 590 (W), depthe of soils (Ha
cindd the initiol ew-oimplifude notoml pericd (T of all the soci
oyers down o the depth of werny stiff sedinnenton mctenok
o bedreclk, This site-pericd approoch recsanisss thot deep
o= posite of sliff ordense soils exhibit high-penod site ez ponse
chomctergtics not shown by depoeits of only o few 108 of
rreetres of the some moteriol.

The wolue of Tsoon be estimoted boeed on oeocphysicol
(o gectechnical) meceurerments, with the use of Equaticn
(2 It con be computed boeed on four tinmes the sheo Fwoioe
trerveltinme through motencls from the sufoce foe uncedying
stiff sedliments o bedrock, if the thickness (o ond initicl S0
(Waidof the indiiduol soil loyes e known, Alte motieh, the
wotlue of Taooin be expressed intems of the total thickness of
the soil lonem (Haond s weighted owve moe S0 (W,
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Ir ke perD@éd site chsficotion scherme, o site with T =
0.18s, where the soil ayvern cre ven thin anofor sfiff, the site
coin be chessifed s o rock site feguivalent to the originol
greund type & in BEC2) The eloetic reeponee specto for rock
sites foor the three regicne hore clreody been fuly decuzsed
in o cormponen aticke (Lom et ol 2016800,

The site cmplificoticn forsuch vens thin condforstiff ground

wio Ul mdtinly oo neern structuees with o natuml peicd ewer
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than 0.2, while the amplificction for o notuml pencd hiober
thon 0.2 B minimol. | & note worthy thot the comes ponding
peak deplocement demand for sush ow percd structues
ig veny smcll in egicns of bw-to-modercte sepmicity. Most
structunes that are not Brittle, wiould be copoble of sustaining
the weny mincr peak deplocs e nt demond without being
s bjected to any significant hske of ooliopee.

Aot with Tsbetween 0018 and 0.5: B cloesified o o stiff
szl site ferhich combines the criginal greund type Band O
in B8, for simplhciy ond proctcolityd, When the site nofurl
pericd T B oeoter thon 0.5s, the site coin be consice o os
flexible sl site. Howewer, for T = 108, or o posits oo nskting
of ot lecet 10m thick of cloye/Tilts with o hioh plostic ity index
[Pl = 800, dynoimis site e ponse arcbees shall be pedommed
or Type 1 elestic eeponse spectium for ground type D shall
be odopted. Aol oolumn with Tz 108 B oonside ed ven
fiexible and ther moy be significant higher modes effects
in the site reesponse behbovicurs, For deposite of 10m thick
[or Mo of cleyedifts with o hiah pesticity index (P> 500,
specicll consice oiticn shoukd be faken, o excepticonally high
amplifieoticn con happen.

The propoessd site cloesificction scheme B presented in
Tabke 1. Thie scherme woe desioned for simplicity, which B
e suitoble for opplication in regicn: of w-te-mmede e
sebmicity, and for using site notuml penod os the woke
pomimeter for site clossificotion. More fectures of the
responee spectrum mede| for each aite will be diecuwed in
o koter section,

Tabke 1 Popowd 5ie classiication sohe e

Dercrption Site Period Ts(8)
ok (=0 L<015

SHiff Sl (350 018= L <0E
Fiexiblke Soil (5 0&=L=10"

*For Ts= 1.0 5 ordeposts of at least 1 0n dhick of clayssis with a kigh
masticiy ivdex (P = 500, duvas ie i espon® andlyses shall be pe dbrsedor
Type § elasbc mesponse spe ok B goowed fpe O shall be adople d.

ELASTIC PESPOMSESPECTRUM FORMAT

The Elstic: Responess Spectrurn model oon Be constructed
Uzing Equcticn (33 in the deplocerent (R3D) formot, oz
expriewed in temne of four spectml pomimetern, 5T, Te
To oncd m. The emphosis cn the pediction of the wolue of
R5D Bt dlign with deplocement-bossd sw=Emic desion
et hocks ooy

TsT.: S dT- 84T [TT; ]
fagulin}

To2TaT,: S N - 54T [

r ] (3

TETS4: & T -S4Ta+mu{T T

The ekstic eeponye spectium model in the oorskerticn
(R54Y fomot ocon be comvenentl obtoined by diect
tmneformnct ion frem the deplocsrent fomnot using Egucticn (0.

2
s,m—smmx[ L ] @

Thie rezponss spectrurn formot is necdy dentical o thet
cumently odepted in ECE and ig simikr in form to thowe
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oo pted in voricus codes of poctice workdwices, The only
difference B ot the constant-deplocement mnoe, wheres o
limecr functien hee been proposed for reflecting the unioue
eeiemicity pottern of the reqicn.

PROPOSED SPECTRAL PARAMETERS

For rock (R sies, Sl B the meionspeciic spectmol
displocerment on ook ST dat T=128. The volue s 14mm
r2drnm) for Peninsukbr Molkyeio ond Someok, and 28mm
(d2rnm) for Sobah, for o noticnal retum penicd of 475 years
fwoilues in porenthesk for retum pened of 2475 years).

For stiff soil (550 sites, o uniform S-focter of 1.5 shall be
oppled ocrees the whole respores spectrum on ool This
recommendoticon Booonsistent with thot for ground type
O of BZE Type 2 spectum (for regens of w-to-moede mite
seismizity ). The wolues of the two comer perioce Te and T
e tobeen os the some s thot for rock sites, which cre equal
to Qs ond 1,282 eopectivel. T B fieed oz 0. 18 for all ground
tyvpes in the proposed scheme. Howewver, it B noted that the
fomn of the reesponess spectrum in the NA hoe not explicithy
indicoted hoe it B undesimble in poctics , given uncedainties
in the volue of the notum] pericd of vibmtien of the stuctune.

For flexible soil (F5) sites, o reespones spectum mocke| thet
tokes into cocount reecnont-like complificotion phe o mencn
B proposed (Lom et ol 2001 Teaing et of - 200680 Teoing et ol
080 Teong et ol 2013 Teong eb ol 20183 ST, Teond Tp,
shaoll Be computed using Equoticons (575

wherne Sp01.500 B the esponse spectml disploicsrent

MR on ookt T=161

SBeiTrl Sud1.5T02 8 (B
T R2E, (e)
Ty LT, ey

Fesporee spectrol velocity (RS of o soil spectrum fvpicolly
peoke betwesen 125 ord 158 (Teong of ol 2006860, with
rEapect to the Bvel of greund shakings in regicns of low-
te-modemite weEmicity. 5 B the site omplificotion foctor of
A6 (eong et ol 200600, which B opplied ot the oonstont-
velocity mnoe (ntermediote pericd mnge). For exomple,
the equiclent omplficction mte ot T = 1.08 minoes fiom
28 to 59 in other moer codes of poctics (including ECE,
Internoticnal Buiking Code, Austmilicon Stoandord ond  Mesw
Zedlond Stoandord). In foct, the ompest amplificotien mtio ot
the low-pericd minoe woukd be 1.8, which iz conesetent with
that for arcund type D of BEC& Type 2 spectnim.

Tob ke 2 showe o summany of the propessd mooek forall sie
cleees, Tob ke 2 surmmaess the ey eacnol-dependent heeond
pommeters. mportonse focher s should be efemed to onct her
romponicn poper (e lom etol. 201800 The poomete s sope
Me cred mMr e dirmed of coptuing the oo pered spectml
shope of dietant evente. Figume 2 & howe o scherotic diogrom of
the propoeed eopores spectrumn modek for the thres areund
tpes (in #5350 formofy, The model hoe been well solicohed
through oompoeen with eeulte cbiained friom computaticnol
siter reeponse ancihs B of aoil oolumne deneed fiem eal borehoke
reconds, o well e friom stieng motion doto eoordded in the
Mt hndoe ecthouc ke, 1994,
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Tabk Z: Poposed special pamam eters, 5o (Ta), Te amd Ta

L =015 W * 5 (1,250 WL X Me
Sifseil 00828 v w S (1250 v xme 03 125
(1= <05 ¥l5
Fle bl Dme lual fns v 8 (s Bl vt B e
BoilF 10" S

*far T = 1.0 5 ordeposits consisting of at east 10w dhicl ofclayesis with a high
plasticity qex (P = 30), dyran o sie e sponse analyses sallbe pedbmed or
Tupe { elastic msponse spechm Hrgmend type O shal be adopled.

Tabk 3 Fmopo s o e gional-dependent kazam pamn eters, 8, Son (1.279), fia
amd fi ¢ Mo modonal 453 wears relirn perod.

ﬂ G ) | Soe (126 Mo ™y

Pernireular 007 16 & a
Wlalay=ia
Sargwalk 0.0r 1& i 0
Babah 0.1z = 40 6.7
: $uiT st Sal o BT 1
T B o T ki [
I Ty % . e
| 14 e dgh Bz e ____-'\- " g
gt 8 A A
G 1ame T T oh, lg=ial; .

Figewe 2 Sohes aic diaga s ofbhe proposs o soodelor @) mod and s o ik s,
as well as (b) fexibke soll S5 v @506 mal).

WORKED EXAMPLE
In erder to demonstrote the propceed mode | for incorpoemition
int> the doft WA for flexibe soil (B3 osites, o typicol
engireering borehol o woe tolien frem o sl site in
Peninsukr Moloweio os examplke (See Fioure 323 For oty
Tobke 4 shows the SPT-M owolues for individuol scil oyers,
It is noted thot the computction of eguivclent woluss of
M = 80 for cefdin soil love e B obove the nomdll consice ed
“sotumted limit” of 80 (eq. ot depth of 22m, M = 30 with o
penetmtion depth P = 20mm: the equivalent Moshould be
colcuioted o S0300/°270 = 55 .83

In wiew of the ook of Dol studies, empiricol formukos thot
oz cpplioobe to all types of scils ce summoreed in Wioir st ol
201 wene refernced. Tabke 4 akoe shows oomputctions of
S wmlues and the coresponding SPT-H wdlues bosed on fwo
empirical formulee that are applicable to all typee of soik (e,
Irci cnd Tencuchi, 1982 and Sismcn, 1995 The individucl scil
lenesm thicknes (4 cver initicl 300 (Wed nofic wens ool ulcted
te ocbtain the weighted oreemooe 580 (W By the use of Eo
(1 In thie come, V= 42017 = 21 mys. The volue of L oon be
expremed in terme of the totol thicknes of the soil over (Ha
cindd s welghted ovenooe 300 (VD vicn the e of Eg. (23, T =
4 x 478281 # 0.7, which fale in between 0.8 and 1.02, ond &
coteosred o F5 (osin Tobke 2

Breed on the spectml pamimeters in Tables: ¢ and 3, the
folwing calcuktions show stepe for oonstruction of the
respongs spectum for this FY site in Peninsukcr Mokyeio for o
neticnol 475 years rieturn penod (=10
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Table 4 Con pedation of sl natwa! perod T

. V. a0V, s BT 2 198 M 006
SETH iy o
. 3 15 3 285 139 =7 006
0 0 0 0 o 0

0000

315 15 Ec 291 125 Mz 0006

i 12 = 0 2 ket QLA 3 15 554 343 55 9 0a0s

i . 4 12 8 15 DAL L 15 o 351 x5 ik 0005

45 1 10 200 106 15 ono7 - 15 253 06 2 350 00

5 L 3 2t He o Ak ITs 15 107 431 356 sk oo

15 15 16 432 135 188 0a0s 39 15 100 1 3 78 0o

2 L L - 1 o ane 405 15 150 1] 422 445 000z

e 12 X 428 1 1% R 42 15 214 55 06 515 000

12 15 21 253 155 204 onor

E=d420 E=01%

jER] 15 12 45 147 196 on0ns

15 15 a1 253 155 2 0.oo7 MOTE: the Malgysia ECSMA suggested that sedimentany iyrers wih
155 15 a4 63 166 a4 0aa7 SPENvale greglerthan 100 can be omited b the computations of

she natiea! period and wehted average S, nohetheless moke
12 15 a7 73 176 225 o007 . L 3 ;
lavers of aolf gler SR 100 can be heluded for caleniation as

125 15 25 267 168 218 0007 shown in Tohie 4.

21 15 a7 a73 17 225 onor
w3 15 an 276 179 2 007 Step 1 Tolcukte T-oond T for flexible soil site occoding to
e B A 263 166 21 e Equartions (407
255 15 20 a1 15 231 0006 Te=12xT:=12x07 =024

a7 15 31 285 150 237 0006 Te=18x L=15x07=108s




Step @ CTokukte Spe il on ook ocoonding to Eguation (30
ond Tobke &
For ook site, Te =03 cnd Tp = 1,28, hence

BT = B LAT = 8 (1051 = 8, (1) {%] — (163 105/ 125)— 15.99 ran
n
Step 3 Cokulote ST on soi ocesrding to Equotion (5

Sl =Se (1.8 T xs=1344 x 3.6 =48 28mm

Step 4 Cokulote the whoke minge of Spe (N on sl oo ding
o Equoticon (3) comer penodes e shown in detoil and
surnmoinsed in Table &

T=0 & S (T1=4838 [F 7 (0.84% 1087
O&de=T= 1082 Se (Th=4838 (77108
1068 = T At S (T1=4832+ 0 (T-1.08), wher m = my=0

Step 5 Tonsfomnotion into occslemticn (7543 fomot in unit

of g from the depkbicement (R0 fomnat using Equaticn (40,

both of which cre shown in detailcond summnoeed in Tabke &

T=0.Ade: Se(Ti=d838 [P/ 084 % 106« (2n f TR /5810
O8de=T= 108 S (Ti=4828 T/ 108 (2n/ TP /9810
108e =2 T=de S.0Th=[48.358 + 0(T- 1.08} % (2n / T /9210

Tabke 3. Sumoard iy of response spectal omina es & an exam ple F5 She with
Tz = 0.75for nobonal 475 years relrme peod (W = 7).

“

(i} .00 Ozz
010 055 Ozz
020 219 Oz2
020 4.5 Ozz
040 .78 Ozz
050 13.71 azz
080 .75 Ozz
0. 2565 Ozz
QL&D 35,11 0zZ2
034 (T 3870 Ozz
%0 A1.47 az1
1.00 4508 o1z
105 48 28 (W[
1.10 A5 35 (W [s]
1.20 48,28 014
1.50 A8 35 o1z
1.40 a5 .38 oo
1.50 A5 55 o
1.0 A5 3R a3
1.50 a5 .35 Cl0
2.00 45,28 Q05
220 A8 38 (m[n%}
240 a5 .35 m{mks
2.0 A5 3R ooz
280 A8 35 ooz
3.00 a5 .38 oz
220 A5 BR ooz
340 A8 35 ooz
380 a5 .35 ooz
280 A% 38 (minj]
A.00 A% BR ol
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COMPARISON OF RESPONSE SPECTRUM MO DEL FOR
FLEXIBLE SOIL SITE WITH EC & MODEL

The elcetic peepense spectrurm constnicted in o io ness
with the propoesed mcdel o per the droft MAa for o fexibe
el (FS) st with T; =078 (in the mnge of 05 st 108 B
shownin Figure 4, alzng with thet stipulcted by BC8 for Cioes
D ond E sites of Type 1 ond Type Z2spectm. Both soil s pectno
o bosed on O commen spectum for ook, which B bosed
ohn netienol pecik ground ool mton of 01g (2478 yeors
retum penoddlin Peninsulcr Mokbysicn The select e nofune of
respongs spectml amplificctioon on o flexible sci byer Bowell
reflected in the shope of the preposed soil spectum. Whikt
the armeunt of amplificotien of the propesed 5 in the highber
periced minoe fall: in between Tvpe 1 and Tvpe € mooe| of
EZ&, the proposed medel iz not ce conge votiee in the shert
pericd mnge. Insurmmany, the propceed S mode | esembles
recl behovicur of eketicolly reeponding structures much
better thon that of the existing EC2 micde |,

H4A - Flevihle 5ol Flanible Sl (Tonn 7 of

| 4 ieahks i | el T ) [E
e ] N T T I =
el 1 ——ECE Tz E :
z i Pl Z
& g1 W i, :E’- I:}:' o E
i i
f e =
b Ty = f o
--*_""_"- LT g HA10 - Flesilide Sail
s i o=
W i i - i i 3 : d H
iz 1=
1= i

Figewe 4. Cospa fison o pmpo s=a' e spo s spechus aode ! for fE b ke soil @)
B A fome at o) RyOfomeat, for 2,475 wears ehum pedod i
Pein mila rMala weia.

COMMENTS ON VERTIC AL EARTHRQUAKE ACTIONS
Ve rticol octicn B paticukbidy impetant for necr foult greond
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