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SUMMARY

Damage assessment of structures with a mechanicalimear model demands the representation of seismic
action in terms of an accelerogram (dynamic anglysisa response spectrum (pushover analysis). Stochastic
ground motion simulation is largely used in regions whasmic strong-motion records are available in
insufficient number. In this work we present a variaid the stochastic finite-fault method with dynamicneor
frequency that includes the geological site effects. mbthod was implemented in a computer program named
SIMULSIS that generate time series (accelerograms)resgbnse spectra. The program was tested with the
Mw= 7.3 Landers earthquake (June 28, 1992) and managed to repredzftects. In the present work we used

it to reproduce the effects of the 1980’s Azores earthq(idauary 1, 1980) in several islands, with different
possible local site conditions. In those places, ttepamse spectra are presented and compared with the
buildings damage observed.

1. INTRODUCTION

In the Eurocode 8 (CEN, 2004), the time-history repretientaf seismic action is classified in three groups:
artificial accelerograms (synthetic accelerograms rg¢ee so as to mach an elastic response spectra)iedco
accelerograms and simulated accelerograms (synthetteamgrams generated through a physical simulation of
source and travel path mechanisms).

The use of artificial accelerograms, for a structurgireer, is very attractive, mainly because doesn’t dkpen
on seismological knowledge. Is now widely accepted thatue of artificial accelerograms, in seismic non-
linear analysis, have many problems. Such as thetfatthese accelerograms tend to be particularly uniealist
(Bommer and Acevedo, 2004).

For regions with medium to low seismicity, and witltklaof strong-motion records, the use of recorded
accelerograms is a problematic issue. In these atkeasuse of simulated accelerograms can be a valid
alternative. Portugal is an example of such a problerarevne historical knowledge of massive destruction due
the 1755 earthquake exists, but not enough strong-motiordssfos engineering purposes are available.

There are plenty of methods for generation of simulatedlamgrams (Erdic and Durukal, 2006; Stevearal,
2001) which can be divided in three major groups: determinisgthods, stochastic methods and hybrid
methods.

In the deterministic methods, seismic wave propagatioreterbgeneous media is expressed by the numerical
solution of the equations of 3D motion and the comsi# relationship between stress and strain of the
wavefield, so that the seismic action is represeimedrms of velocityand involves enormous computing time
consuming work (Furumura, 2005).

In practical problems of structural engineering, naedr analysis demands the use of simulated accelerograms
with spectral energy content between 0.5 and 30 Hz (L&&)1Peterministic methods are almost impossible to
use for structural analysis with current computers, lmedhey require very dense grid points to fulfil the
demand of energy frequency content.
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The deterministic methods are the only ones that cadepe, in a realistic manner, the influence of path
effects, including small-scale heterogeneities in #ubsurface structure, so they are very important in
seismological studies. Synthetic waveforms have beerrageddor Portugal with deterministic models, to study
several past earthquakes (Borgésl, 2007a; Borgest al, 2007b).

Many stochastic methods have been proposed based on Bpooach (Boore, 1983; 2003), in which a white-
noise time series is adjusted to a seismological deterhpoint-source Fourier spectrum.

These methods are less time consuming and can simutateragrams with the desired frequency content. The
program LNECLOSS (Campos Costa al, 2004; Campos Costet al, 2006) is an example of a computer
implementation oftochastic methogdenly in frequency domain, used for Portugal seismic gskessment.

The hybrid methods results from a combination of teeepproaches described earlier.

This work presents a stochastic method which consitersxistence of asperities in fault plane, and non#linea
geological site effects in the simulation of ground wtiThe method was implemented in a computer program
namedSIMULSIS, developed in Object Pascal for Windows, withLlBPEI2007 (CodeGear, 2007).

2. PROGRAM SIMULSIS

2.1. Finitefault model

The methodology implemented in SIMULSIS was based inraéeencepts that support the program EXSIM
(Motazedian and Atkinson, 2005). The simulated accelerograuoitsefrom the contribution of a number of
small earthquakes as subfaults that comprise a big(Faglire 1).
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Figure 1 — Scheme of the methodology implemented in SIMSL
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A large fault is divided iflNg subfaults and each subfault is considered as a point-sexene In SIMULSIS the
rupture spreads radialy from the hypocenter, with a cothstelocity V;, so time series results from a
superposition of sinusoidal waves, with circular frequencigsand random phase anglés (distributed
uniformly between 0 to2rad), that are summed with a proper delay

NE Ngi

ag ) = 2‘1 zlA,n(Ati) EOS(% LA +9n,i) 1)
i=1ln=
a4y =t -ty =t_(AtRi + Aty _tmin) , 04t < Ty, (2

The wave amplituds; ,.4 iS the contribution of the point-source the frequency.

The spectrum of the ground motion of each subfault esaantial part of the stochastic method. It is coenen
to break the total spectruf(wMo;,R) of the motion at a site into contributions from fsuitt source=;(«My),
pathP,(wR) and local site effects(c), as it is represented in Figure 1 (Boore, 1983; 2003).

A(@Mg,R)=F(wMg)P(wR )1(w) 3)

2.2. Subfault point-sour ce

For each subfault, the source spectrum of shear wandseamodelled by

Fi(w’MOi): H; H o) [Co Mg Ay (a)) 4)

whereH; andH, are scaling factors which conserves the total ratlietergy at the sourckly is the seismic
moment (dyne-cm) of the subfaulandCy; is a constant given below

_ R9¢l ‘]:V ‘]:F xlO—ZO (5)

" antp B R,
in which Ry, is the radjation pattern of the subfaiylCy, represents the partition of total shear-wave enengy i
horizontal components=1/~4/2), Cr is the effect of the free surface (equal to 2 for Skas} 0 (gm/c) and
(km/s) are the density and shear-wave velocity in thiaity of the sourceR, (= 1 km) is a reference distance,
andAgi(a) is an acceleration spectrum (Boore, 1983; 2003).

o’
Ao ()= ; ©)
1+[¢0J
s
The dynamic corner frequency of the subfaidtrelated to static stress drafifin bars), and is given by:
Ao 3
@y = 207H9x10° (B EE—J @)
I NR(AtRi) |:MO

It was adopted the concept of active pushing afiea(Motazedian and Moinfar, 2006), but witkk(4tr)
representing the cumulative percentage of ruptured subfaultesrms of seismic moment, between the most
distant (less or equal #i_;) subfaultN, and the subfault given by
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1 i
NR(AtRi)z_M 0> Mo, (8)
0 n=Np

To account the existence of asperities, the seismicambf each subfault is related to the displacement
pattern 4u) at the fault, by:

Mg = g Mg ©)
2. Au;
j=1

The scaling factoH; guaranties the subfault energy conservation at high freqseridie SIMULSIS have the
option of using two different expressions for the deteatidbn ofH;, which are:

v ZA@f
Hi - 0 Da) >
Mo Y [Ay (@)]

similar to the expression that is implemented in EX$Hdgram, or

_ [ dael
H, = |—
Ne [y @ (1)

The scaling factoH, corrects the total energy content at all frequeneieg,is given by:

(10)

[Mo Ay (@) dev
Hew = 5o (12)
ZHHi Mg LAy, (a))]zda)

i=10

The SIMULSIS have the option of using a constant véduehe radiation pattern, which is 0.55 (Boore and
Boatwright, 1984), or a different value for each subfautufe 2).

Site

Site LW Us
p\ / “ \ Subfault
n; a X, \\

/ Subfaulti

Xo Ray trajectories

X1 Rupture direction
Figure 2 — Scheme for determination of radiation pattern

For each subfault, the two components of S waves, laveatized amplitudes given by (Udias, 1999):

S1: ug =cos@é)tos@y) (13)
4
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S2: u, = cod6, ) 5in(g) (14)

SIMULSIS calculate the radiation pattern by considerimgrhean value between two ray trajectories, a direct
path (1) and an indirect path.£) that is tangent to the vertical direction at the.sit

The mean value of the theoretical radiation pattegivien by

1 22 .
Reg =- O] | g +ny | Celi, (15)

Iz271z1 iy

which is then adjust to account the difference betwkermean theoretical value of 0.63 and the observed value
of 0.55 proposed by Boore and Boatwright (1984).

2.3. Path effects

The path effects are represented by combination ofunations, given by

=, R<R
F’(MR)=F’A(w,R)EF’G(R):eXF{_ﬂ}PG(&)EE%JM, e (16)

2Q(w) (&g

wherePg(R) accounts for geometrical spreading of seismic enardPPiwR) for anelastic attenuation.

The geometrical spreading function is given by a pieceeaséinuous series of straight lines, and the anelastic
attenuation is a function of quality fact@(<), in which cq is the velocity of seismic waves used in the
determination of)(«).

2.4. Local site effects

In the program SIMULSIS, local site effects are didide two functions:
L{e) = Hr () Hs(w) (17)

Hr(@ is a filter that accounts for the diminution of thgtifrequency motions in a rock outcropping reference
site, and can be given by the combination of two fil{8aore, 2003):

He(w) = {1%@‘;’% ﬂ; E@x;{—kOTDwJ (18)

whereanax (=21tthey is the cut-off frequency ard is a diminution parameter.
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SHAKE91 (ldriss and Sun, 1992), a version of SHAKE (Schnabeall, 1972), is a commonly used and
referenced computer program for geotechnical earthqualeeenigg. In this kind of programs, the non-linear
soil transfer function for S waves is obtained fromemuivalent linear analysis of a one-dimensional “soil
column”. This procedure was implemented in the programUgIMS, in which

_lwl A
HS(w) - |UNN| - ANN (19)
Up = Up(2,t) = (An eldn g Ee‘i”?n@) 't (20)
with complex wave number given by
Y
A = |[—FFm = 21
m \/GmE(1+2EDEm) 1)

wherepis the unit mass; is the shear modulus adds the damping ratio of the soil layer

2AnN
< ~ 2A;
s X <>
Rock outcropping Soil free surface strong motion
strong motion ¢ =u
\ y Layerm
Ann
< > Bedrock strong motion

Incoming strong motion

Figure 3 — Site response analysis

25 Timeseries

The strong motion durationT) may be represented as the sum of the duration of ruptacess Tr), the
duration due to propagation path effeds) @nd the prolongation of the motion caused by lod¢el @nditions
(TL) (Lee, 2002):

Te =T +Tp +T, (22)
The total duration of the ground motion can be defined as

Tem =N, Te (23)

The definition of earthquake duration is very importantime-domain simulations for structures non-linear
analysis. In this paper we adopt the concept of effedturation which is the interval of time between timuts

of the accelerogram Arias intensity (Bommer and MaiPereira, 1999).

A simulated point-source accelerogram for subfgulith non-stationary frequency content, can be repredent
by
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Ny
g = 2.4/2 By (L, a,) A ot +6,) (24)
n=1

where the non-stationary power spectral density function i
Gy (@) = g; (t)* [Gy (@) (25)

in which gi(t) is a deterministic envelope function aBGd(«) is a stationary power spectral density function
(Gupta and Trifunac, 1996).

In program SIMULSIS was implemented the envelope ptedeim Figure 4, which is an adjustment to the
envelope function implemented in point-source program SMBabiEe, 2005).

0.8 q 1= 035]’5

0.6 -

a(t)

0.4

[ N
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0 O‘.2 [1' O‘.4 O‘.G t2 O‘.B Z‘l 1‘.2 1‘.4 1‘.6 1‘.8
Figure 4 — Envelope function adopted in (A) SIMULSIS compavigd implemented in (B) SMSIM

For each point-source, the stationary power spectraitdednaction can be related to the Fourier amplitude
spectrum (Kramer, 1996), and is given by

_FRlwMy )
Gafw) =700 (26)
SO
Ay = 8O 22 T (@, Mo) e R) L) @7)
F

3. PROGRAM VALIDATION

For the validation of the computer program SIMULSIS @ompared the response spectra of the simulated
accelerograms with the response spectra of the reobtdmed after the 28 June 1992 Landers earthquake, in
California.

Several time-domain simulations were made for thres sitound the rupture (Figure 5):

« Silent Valley/Poppet Flat (CGS - CSMIP Station N@206), 33.851N 116.852W, 1098 m of altitude,
weathered granite, 56.015 km to epicening$ 66.180°).

 Lake Cahuilla/County Park (CGS - CSMIP Station N#624), 33.628N 116.28W, 35 m of altitude, hard
granodiorite bedrock, 66.793 km to epicentrg € 10.139°).

* Pearblossom/Pallet Creek (CGS - CSMIP Station28684), 34.458N 117.909W, 1206 m of altitude, granitic
rock, 138.348 km to epicentreg= 141.250°).

The Landers earthquake resulted from lateral sheaveffiajor faults, with different directions, within an 80
km wide belt. Its seismic moment of {@lyne-cm is equivalent to a magnitudg of 7.3 (Siehet al, 1993).
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Because of SIMULSIS limitations, it was considered wvesical fault plane with.= 80 km andWw= 16 km,
divided into 1%9=135 subfaults.

The fault rupture displacement pattern adopted (Figure 6adjasted from a study made for the fault rupture
(Peyratet al, 2001). For each simulation and subfault, it was introducaddom variation of 40.25.

It was adopted a static stress drop of 110 bars (FletclieMatarr, 2006), with3=3.7 km/s,0=2.8 g/cm,
V,=2.7 km/s, andIL,=20 km.

The path attenuation expressions adopted results from studids for North America (Atkinson and Boore,
1995).

No soil effects were considerdd= 0 and with cut-off frequendy,.x equal to 8 Hz (Pearblossom/Pallet Creek),
12 Hz (Silent Valley/Poppet Flat) and 14 Hz (Lake Cahl@bunty Park).

The effective duration prediction was obtained with esmpirical expression deduced from more then 800
Mexican records (Reinoso and Ordaz, 2001), which consideéhtee components of duration.

Pearblossom/PalletiCreek

Landersi1992

LosiAngeles

'SilentiValley/PoppetiFlat

Lake!Cahuilla/County!Park

“Google”

0.05 1.00 2.00 3.00 4.00 5.00 6.80mean value random value #0.25)

Figure 6 — Fault rupture displacement pattern considerebd@imulations of 1992’s Landers earthquake

Simulations where made with variable radiation patterd expression (11), as described earlier. The response
spectra are presented in Figures 7 to 9.
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Figure 7 — Response spectra comparison at Silent Vabigg#®? Flat (56 km)

200 1

Horizontal records

150 A

Example of one simulation with SIMULSIS]

100 A

50 A

Spectral acceleration (cm/§)

91—
0 0.5 1 15 2

Period (s)
Figure 8 — Response spectra comparison at Lake Cahuillaydark (67 km)
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Figure 9 — Response spectra comparison at Pearblosslan{?akk (138 km)

4. SSIMULATION OF THE 1 JANUARY 1980 AZORESEARTHQUAKE

The 1980’s Azores earthquake affected a large percentadee dfuilding stock in the islands of S. Jorge,
Graciosa and Terceira with evidence of directivity aowdl site effects (Malheiro, 2006; Oliveira, 1992; Teves-
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Costaet al, 2007). Epicentre coordinates where 38.81°N, 27.78°W with deptls fabout 10 km, and the
assigned moment magnitudeMg= 6.9 (NEIC).

In these simulations we considered a plane fault 80 km andA= 10 km, divided into 185=75 subfaults
(Figure 10), with two asperities representing 22% of tetalt area (Somervillet al, 1999).

0.60 1.20 3.00 x mean values random value (#0.25)
Figure 10 — Fault rupture displacement pattern considereldd@imulations of 1980’s Azores earthquake

The strike (149°) and dip (85°) considered were the proposealénsiudies (Borgest al, 2007a), as well the
rupture velocity of 1.8 km/s. The seismic moment was pbthifrom an empirical equation (Hanks and
Kanamori, 1979).

The simulations were made with constant radiation a(te0.55) and with expression (11), for several places
(consideringky,=0), where strong motion records exist (Horta), and alsere exists an estimation of peek
ground motion based on studies related to the seigsponse of several structures (Olivatal, 1992):

« “Observatdrio Principe do Ménaco” in Horta, Faialimwations considering soil effects (35 m of soil layers
with increasing shear wave velocity, with a mean vafugb m/s) and,= 7 Hz.

250 7
Horizontal records| | Simulation at soil surface

N
Q
S

Simulation at rock outcropping

150 1

Spectral acceleration (cm/sz)
=
o
o

o
o

o

T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11 12
Frequency (Hz)

Figure 11 — Response spectra comparison at “Observ&énicipe do Monaco” in Horta (80 km)

- “Semaforo do Monte Brasil” in Angra do Heroismo, Béra — simulations at rock outcropping with,= 15
Hz, which were compared with type 1 (soil I) responsetspef Portuguese code (RSAEEP, 1983) adjusted to
the peek value of 27 cni/as proposed by Oliveirt al. (1992) as a result of observed structural behaviour.

120 4

RSAEEP type 1 adjusted27/177)

W

¥~ Mean value of 3 Simulations at rock outcropping

i
Q
S

@
S

IS
S

Spectral acceleration (cm/sz)
f=2]
o

Structure fundamental frequengy

o

0 1 2 3 4 5 6 7 8 9 10 11 12
Frequency (Hz)

Figure 12 — Response spectra comparison at “SeméaformdteMrasil” in Angra do Heroismo (52 km)

10
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« Hospital of Angra do Heroismo, Terceira — simulationsswering soil effects (20 m of soil layers with
increasing shear wave velocity, with a mean values6fh/s) andma= 15 Hz, which were compared with the
type 2 (soil 1ll) response spectra of Portuguese codAER®, 1983) adjusted to the peek value of 144 Ta¥s

proposed by Oliveirat al. (1992) based on the observed structural behaviour (firstat@srbetween 1.36 and
6.1 Hz).

350 / RSAEEP adjustedx(144/108)
< 300 1 9
I ! '
= 2507 X | Simulation at soil surface
k=) | |
g 200 ) ) /
K | |
8 150 ! !
< 1
s ! !
= 100 1 1 | . . .
8 i ! Simulation at rock outcropping
-3 | | AN
50 f T
]
0 + T T 1
0 1 2 3 4 5 6 7 8 9 10 11 12

Frequency (Hz)

Figure 13 — Response spectra comparison at HospitalgrBAto Heroismo (52 km)

w}

Figure 14 — Simulated accelerograms at Angra’s HospitglX) rock outcropping and (B) soil surface

- “Semaforo da Praia da Vitdria”, Terceira — simulasionade with the same parameters of those made for
Monte Brasil.

RSAEEP type 1 adjustedZ7/177)

¥~ Mean value of 3 Simulations at rock outcropping

/ Structure fundamental frequengy

0 1 2 3 4 5 6 7 8 9 10 11 12
Frequency (Hz)

@
S

~
o

o
o

o
o

w
S

Spectral acceleration (cm/sz)
N B
o o

i
S)

o

Figure 15 — Response spectra comparison at “Seméafonadadd Vitéria” in Terceira (63 km)

- Lighthouse of Topo, S. Jorge — simulations made wittsémee soil column as for the “Observatério Principe
do Modnaco” in Horta, Faial, but with,= 15 Hz. The fundamental frequency of the lighthousedsrad 3 Hz
and a spectral acceleration of 1.3g was proposed by Q@latedl. (1992).

11
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<00 | / Simulation at soil surface

400 1 Simulation at rock outcropping
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0 1 2 3 4 5 6 7 8 9 10 11 12
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Figure 16 — Response spectra comparison at Lighthouse ofiT &dorge (30 km)

5. CONCLUSIONS

From the comparison between the simulations and reotwtdmed for the Landers earthquake, it seems that the
program SIMULSIS is a powerful tool with the ability teproduce a good approximation of earthquake
motions, for structural analysis purposes.

The program was able to reproduce the peek ground adimiend 1992 Landers earthquake and reproduce a
good approximation of Silent Valley/Poppet Flat and Lakeullal'County Park recorded response spectra. For
the Pearblossom/Pallet Creek site the program manageeptoduce a good approximation of one record
component, but not the other. That could be related tdiffexences between the real source rupture and the
fault plane adopted for the simulations. Other possibigitsimply the incapacity of the algorithm to completely
reproduce the directivity effects.

The simulations of 1980 Azores earthquake, namely at “Oligeivérincipe do Ménaco” in Horta, Faial, and
at Hospital of Angra do Heroismo, Terceira, showitiqgortance of local soil effects in peek accelerationiand
spectral acceleration, most important for structurgbaese. Simulations response spectra are well related to
damage observed at those places, except for the ligletttduBopo in S. Jorge, where the maximum spectral
acceleration obtained was lower than expected. That caulcelbted to a similar problem verified for the
simulations of 1992’s Landers earthquake at Pearblossdet/Betek site, so further studies must be made.

Computer tools like this are very important for damagessssent, because they allow the study of the
individual contribution of earthquake characteristicsttoctural response.

In further developments the possibility of multiple faytienes and non constant rupture velocity will be
considered.
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