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SUMMARY 
 

Damage assessment of structures with a mechanical non linear model demands the representation of seismic 
action in terms of an accelerogram (dynamic analysis) or a response spectrum (pushover analysis). Stochastic 
ground motion simulation is largely used in regions where seismic strong-motion records are available in 
insufficient number. In this work we present a variation of the stochastic finite-fault method with dynamic corner 
frequency that includes the geological site effects. The method was implemented in a computer program named 
SIMULSIS that generate time series (accelerograms) and response spectra. The program was tested with the 
MW= 7.3 Landers earthquake (June 28, 1992) and managed to reproduce its effects. In the present work we used 
it to reproduce the effects of the 1980’s Azores earthquake (January 1, 1980) in several islands, with different 
possible local site conditions. In those places, the response spectra are presented and compared with the 
buildings damage observed.  

 

 

1.  INTRODUCTION  
 

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

The use of artificial accelerograms, for a structural engineer, is very attractive, mainly because doesn’t depend 
on seismological knowledge. Is now widely accepted that the use of artificial accelerograms, in seismic non-
linear analysis, have many problems. Such as the fact that these accelerograms tend to be particularly unrealistic 
(Bommer and Acevedo, 2004). 

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

There are plenty of methods for generation of simulated accelerograms (Erdic and Durukal, 2006; Stewart et al., 
2001) which can be divided in three major groups: deterministic methods, stochastic methods and hybrid 
methods. 

In the deterministic methods, seismic wave propagation in heterogeneous media is expressed by the numerical 
solution of the equations of 3D motion and the constitutive relationship between stress and strain of the 
wavefield, so that the seismic action is represented in terms of velocity and involves enormous computing time 
consuming work (Furumura, 2005). 

In practical problems of structural engineering, non linear analysis demands the use of simulated accelerograms 
with spectral energy content between 0.5 and 30 Hz (Lee, 1995). Deterministic methods are almost impossible to 
use for structural analysis with current computers, because they 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 can reproduce, in a realistic manner, the influence of path 
effects, including small-scale heterogeneities in the subsurface structure, so they are very important in 
seismological studies. Synthetic waveforms have been generated for Portugal with deterministic models, to study 
several past earthquakes (Borges et al., 2007a; Borges et al., 2007b). 

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

These methods are less time consuming and can simulate accelerograms with the desired frequency content. The 
program LNECLOSS (Campos Costa et al., 2004; Campos Costa et al., 2006) is an example of a computer 
implementation of stochastic methods, only in frequency domain, used for Portugal seismic risk assessment. 

The hybrid methods results from a combination of the two approaches described earlier. 

This work presents a stochastic method which considers the existence of asperities in fault plane, and non-linear 
geological site effects in the simulation of ground motion. The method was implemented in a computer program 
named SIMULSIS, developed in Object Pascal for Windows, with DELPHI2007 (CodeGear, 2007). 

 

 

2.  PROGRAM SIMULSIS 
 

2.1.  Finite fault model 
 

The methodology implemented in SIMULSIS was based in several concepts that support the program EXSIM 
(Motazedian and Atkinson, 2005). The simulated accelerogram results from the contribution of a number of 
small earthquakes as subfaults that comprise a big fault (Figure 1). 

 

 
Figure 1 – Scheme of the methodology implemented in SIMULSIS 
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A large fault is divided in NF subfaults and each subfault is considered as a point-source event. In SIMULSIS the 
rupture spreads radialy from the hypocenter, with a constant velocity Vr, so time series results from a 
superposition of sinusoidal waves, with circular frequencies ωn and random phase angles θni (distributed 
uniformly between 0 to 2π rad), that are summed with a proper delay 
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The wave amplitude Ai,n(∆ti) is the contribution of the point-source i to the frequency n. 

The spectrum of the ground motion of each subfault is an essential part of the stochastic method. It is convenient 
to break the total spectrum Ai(ω,M0i,Ri) of the motion at a site into contributions from subfault source Fi(ω,M0i), 
path Pi(ω,Ri) and local site effects L(ω), as it is represented in Figure 1 (Boore, 1983; 2003). 
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2.2.  Subfault point-source 
 

For each subfault, the source spectrum of shear waves can be modelled by 

 ( ) ( )ωω ω iiiiii AMCHHMF 000)(0, ⋅⋅⋅⋅=  (4) 

where Hi and H(ω) are scaling factors which conserves the total radiated energy at the source, M0i is the seismic 
moment (dyne-cm) of the subfault i, and C0i is a constant given below 
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in which Rθφi is the radiation pattern of the subfault i, CV represents the partition of total shear-wave energy into 
horizontal components ( )2/1= , CF is the effect of the free surface (equal to 2 for SH waves), ρ (gm/c3) and β 
(km/s) are the density and shear-wave velocity in the vicinity of the source, R0 (= 1 km) is a reference distance, 
and A0i(ω) is an acceleration spectrum (Boore, 1983; 2003). 
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The dynamic corner frequency of the subfault i is related to static stress drop (∆σ in bars), and is given by: 
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It was adopted the concept of active pushing area ∆Lr (Motazedian and Moinfar, 2006), but with NR(∆tRi) 
representing the cumulative percentage of ruptured subfaults, in terms of seismic moment, between the most 
distant (less or equal to ∆Lr) subfault N0 and the subfault i, given by 
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To account the existence of asperities, the seismic moment of each subfault i is related to the displacement 
pattern (∆ui) at the fault, by: 
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The scaling factor Hi guaranties the subfault energy conservation at high frequencies. The SIMULSIS have the 
option of using two different expressions for the determination of Hi, which are: 
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similar to the expression that is implemented in EXSIM program, or 
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The scaling factor H(ω) corrects the total energy content at all frequencies, and is given by: 
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The SIMULSIS have the option of using a constant value for the radiation pattern, which is 0.55 (Boore and 
Boatwright, 1984), or a different value for each subfault (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – Scheme for determination of radiation pattern 
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SIMULSIS calculate the radiation pattern by considering the mean value between two ray trajectories, a direct 
path (iz1) and an indirect path (iz2) that is tangent to the vertical direction at the site. 

The mean value of the theoretical radiation pattern is given by 
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which is then adjust to account the difference between the mean 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 of two functions, given by 
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where PG(Ri) accounts for geometrical spreading of seismic energy and PA(ω,Ri) for anelastic attenuation. 

The geometrical spreading function is given by a piecewise continuous series of straight lines, and the anelastic 
attenuation is a function of quality factor Q(ω), in which cQ is the velocity of seismic waves used in the 
determination of Q(ω). 

 

 

2.4.  Local site effects 
 

In the program SIMULSIS, local site effects are divided in two functions: 

 ( ) ( ) ( )ωωω SR HHL ⋅=  (17) 

HR(ω) is a filter that accounts for the diminution of the high-frequency motions in a rock outcropping reference 
site, and can be given by the combination of two filters (Boore, 2003): 
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where ωmax (=2π⋅fmax) is the cut-off frequency and k0 is a diminution parameter. 
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SHAKE91 (Idriss and Sun, 1992), a version of SHAKE (Schnabel et al., 1972), is a commonly used and 
referenced computer program for geotechnical earthquake engineering. In this kind of programs, the non-linear 
soil transfer function for S waves is obtained from an equivalent linear analysis of a one-dimensional “soil 
column”. This procedure was implemented in the program SIMULSIS, in which 
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where ρ is the unit mass, G is the shear modulus and ξ is the damping ratio of the soil layer m. 

 

 

 

 

 

 

 

 

 

Figure 3 – Site response analysis 
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(TL) (Lee, 2002): 
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The total duration of the ground motion can be defined as 

 Egm TNT ⋅= η  (23) 

The definition of earthquake duration is very important in time-domain simulations for structures non-linear 
analysis. In this paper we adopt the concept of effective duration which is the interval of time between two limits 
of the accelerogram Arias intensity (Bommer and Martinez-Pereira, 1999). 
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where the non-stationary power spectral density function is 

 )()(),( 2 ωω aiiai GtgtG ⋅=  (25) 

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

In program SIMULSIS was implemented the envelope presented in Figure 4, which is an adjustment to the 
envelope function implemented in point-source program SMSIM (Boore, 2005). 

 

 

 

 

 

 

 

 

 

Figure 4 – Envelope function adopted in (A) SIMULSIS compared with implemented in (B) SMSIM 
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3.  PROGRAM VALIDATION 
 

For the validation of the computer program SIMULSIS, we compared the response spectra of the simulated 
accelerograms with the response spectra of the records obtained after the 28 June 1992 Landers earthquake, in 
California. 

Several time-domain simulations were made for three sites around the rupture (Figure 5): 

• Silent Valley/Poppet Flat (CGS - CSMIP Station No. 12206), 33.851N 116.852W, 1098 m of altitude, 
weathered granite, 56.015 km to epicentre (αD = 66.180º). 
• Lake Cahuilla/County Park (CGS - CSMIP Station No. 12624), 33.628N 116.28W, 35 m of altitude, hard 
granodiorite bedrock, 66.793 km to epicentre (αD = 10.139º). 

• Pearblossom/Pallet Creek (CGS - CSMIP Station No. 23584), 34.458N 117.909W, 1206 m of altitude, granitic 
rock, 138.348 km to epicentre (αD= 141.250º). 

The Landers earthquake resulted from lateral shear of five major faults, with different directions, within an 80 
km wide belt. Its seismic moment of l027 dyne-cm is equivalent to a magnitude Mw of 7.3 (Sieh et al., 1993). 

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

t

g(
t)

t2 t1 

t0= 0.4⋅TE 

(A) 

(B) 

t1= 0.35⋅TE 

Tgm= 1.83⋅TE 



 AZORES 1998 - INTERNATIONAL SEMINAR ON SEISMIC RISK AND REHABILITATION OF STONE MASONRY HOUSING  
 

8 

Because of SIMULSIS limitations, it was considered one vertical fault plane with L= 80 km and W= 16 km, 
divided into 15×9=135 subfaults. 

The fault rupture displacement pattern adopted (Figure 6) was adjusted from a study made for the fault rupture 
(Peyrat et al., 2001). For each simulation and subfault, it was introduced a random variation of 1±0.25. 

It was adopted a static stress drop of 110 bars (Fletcher and McGarr, 2006), with β=3.7 km/s, ρ=2.8 g/cm3, 
Vr=2.7 km/s, and ∆Lr=20 km. 

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

No soil effects were considered, k0= 0 and with cut-off frequency fmax equal to 8 Hz (Pearblossom/Pallet Creek), 
12 Hz (Silent Valley/Poppet Flat) and 14 Hz (Lake Cahuilla/County Park). 

The effective duration prediction was obtained with an empirical expression deduced from more then 800 
Mexican records (Reinoso and Ordaz, 2001), which consider the three components of duration. 

 

 

 
Figure 5 – Fault rupture localization 
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Figure 6 – Fault rupture displacement pattern considered for the simulations of 1992’s Landers earthquake 

 

 

Simulations where made with variable radiation pattern and 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 Valley/Poppet Flat (56 km)  
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Figure 8 – Response spectra comparison at Lake Cahuilla/County Park (67 km)  
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Figure 9 – Response spectra comparison at Pearblossom/Pallet Creek (138 km)  

 

 

4.  SIMULATION OF THE 1 JANUARY 1980 AZORES EARTHQUAKE 
 

The 1980’s Azores earthquake affected a large percentage of the building stock in the islands of S. Jorge, 
Graciosa and Terceira with evidence of directivity and local site effects (Malheiro, 2006; Oliveira, 1992; Teves-
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Costa et al., 2007). Epicentre coordinates where 38.81ºN, 27.78ºW with depth focus about 10 km, and the 
assigned moment magnitude is Mw= 6.9 (NEIC). 

In these simulations we considered a plane fault with L= 30 km and W= 10 km, divided into 15×5=75 subfaults 
(Figure 10), with two asperities representing 22% of total fault area (Somerville et al., 1999). 

 

 

 
   0.60 1.20 3.00 × mean value × random value (1±0.25) 

Figure 10 – Fault rupture displacement pattern considered for the simulations of 1980’s Azores earthquake 
 

The strike (149º) and dip (85º) considered were the proposed in other studies (Borges et al., 2007a), as well the 
rupture velocity of 1.8 km/s. The seismic moment was obtained from an empirical equation (Hanks and 
Kanamori, 1979). 

The simulations were made with constant radiation pattern (=0.55) and with expression (11), for several places 
(considering k0=0), where strong motion records exist (Horta), and also where exists an estimation of peek 
ground motion based on studies related to the seismic response of several structures (Oliveira et al., 1992): 

• “Observatório Príncipe do Mónaco” in Horta, Faial – simulations considering soil effects (35 m of soil layers 
with increasing shear wave velocity, with a mean value of 165 m/s) and fmax= 7 Hz. 
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Figure 11 – Response spectra comparison at “Observatório Príncipe do Mónaco” in Horta (80 km)  

 

• “Semáforo do Monte Brasil” in Angra do Heroísmo, Terceira – simulations at rock outcropping with fmax= 15 
Hz, which were compared with type 1 (soil I) response spectra of Portuguese code (RSAEEP, 1983) adjusted to 
the peek value of 27 cm/s2 as proposed by Oliveira et al. (1992) as a result of observed structural behaviour. 
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Figure 12 – Response spectra comparison at “Semáforo do Monte Brasil” in Angra do Heroísmo (52 km)  
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• Hospital of Angra do Heroísmo, Terceira – simulations considering soil effects (20 m of soil layers with 
increasing shear wave velocity, with a mean value of 160 m/s) and fmax= 15 Hz, which were compared with the 
type 2 (soil III) response spectra of Portuguese code (RSAEEP, 1983) adjusted to the peek value of 144 cm/s2 as 
proposed by Oliveira et al. (1992) based on the observed structural behaviour (first 13 modes between 1.36 and 
6.1 Hz). 
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Figure 13 – Response spectra comparison at Hospital of Angra do Heroísmo (52 km)  
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Figure 14 – Simulated accelerograms at Angra’s Hospital for (A) rock outcropping and (B) soil surface 
 

• “Semáforo da Praia da Vitória”, Terceira – simulations made with the same parameters of those made for 
Monte Brasil. 
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Figure 15 – Response spectra comparison at “Semáforo da Praia da Vitória” in Terceira (63 km)  

 

• Lighthouse of Topo, S. Jorge – simulations made with the same soil column as for the “Observatório Príncipe 
do Mónaco” in Horta, Faial, but with fmax= 15 Hz. The fundamental frequency of the lighthouse is around 3 Hz 
and a spectral acceleration of 1.3g was proposed by Oliveira et al. (1992). 
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Figure 16 – Response spectra comparison at Lighthouse of Topo in S. Jorge (30 km)  

 

 

5.  CONCLUSIONS 
 

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

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

The simulations of 1980 Azores earthquake, namely at “Observatório Príncipe do Mónaco” in Horta, Faial, and 
at Hospital of Angra do Heroísmo, Terceira, show the importance of local soil effects in peek acceleration and in 
spectral acceleration, most important for structural response. Simulations response spectra are well related to 
damage observed at those places, except for the lighthouse of Topo in S. Jorge, where the maximum spectral 
acceleration obtained was lower than expected. That could be related to a similar problem verified for the 
simulations of 1992’s Landers earthquake at Pearblossom/Pallet Creek site, so further studies must be made. 

Computer tools like this are very important for damage assessment, because they allow the study of the 
individual contribution of earthquake characteristics to structural response. 

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