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Abstract 

Near fault ground motions can be significantly different than those further away from 

the seismic source. Within the near fault zone ground motions are drastically 

influenced by the rupture mechanism, the direction of rupture propagation relative to 

the site and possible permanent displacement related to the fault slip. During the past 

two decades several sophisticated theoretical or/and empirical methods have been 

proposed to simulate near fault motion requiring input parameters that hardly can be 

provided with accuracy, leading thus to extended parametric studies and 

uncertainties. In this paper, a simple but effective analytical model that 

mathematically represents near fault ground motions (Mavroeidis and Papageorgiou, 

2003) is applied and tested in the case of Cephalonia, Feb. 3, 2014 earthquake (Μ6.0). 

Its validity and reliability are examined and an effort to distinguish source and 

possible site effects is attempted for the town of Lixouri (LXR1 accelerograph) where 

the highest damage levels was observed. 
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Περίληψη 

Η ισχυρή σεισμική κίνηση στο εγγύς πεδίο ρήγματος μπορεί να διαφέρει σημαντικά από 

εκείνη στο ενδιάμεσο και μακρυνό πεδίο. Εντός της ρηξιγενούς ζώνης η εδαφική κίνηση 

επηρεάζεται δραστικά από το μηχανισμό διάρρηξης, τη διεύθυνση διάδοσης της 

διάρρηξης σε σχέση με την εξεταζόμενη θέση και ενδεχόμενη στατική μετατόπιση 

σχετιζόμενη με την ολίσθηση του ρήγματος. Κατά τη διάρκεια των δύο τελευταίων 

δεκαετιών έχουν αναπτυχθεί αρκετά εξελιγμένες θεωρητικές ή/και εμπειρικές μέθοδοι 

για την προσομοίωση της εδαφικής κίνησης στο εγγύς πεδίο του ρήγματος που απαιτούν 

δεδομένα εισόδου τα οποία είναι δύσκολοί να δοθούν με ακρίβεια οδηγώντας έτσι σε 

εκτεταμένες παραμετρικές διερευνήσεις και αβεβαιότητες. Στην εργασία αυτή 

εφαρμόζεται και ελέγχεται για την περίπτωση της εδαφικής κίνησης εγγύς του ρήγματος 

κατά το σεισμό της Κεφαλονιάς στις 3/2/2014 (Μ6.0), ένα απλό αλλά αποτελεσματικό 

αναλυτικό μοντέλο που αντιπροσωπεύει μαθηματικά αυτή τη σεισμική κίνηση 

(Mavroeidis and Papageorgiou, 2003). Η ισχύς και η αξιοπιστία του μοντέλου αυτού 

εξετάζονται και επιχειρείται η διάκριση των χαρακτηριστικών της σεισμικής πηγής και 

των τοπικών συνθηκών για την πόλη του Ληξουρίου (σταθμός επιταχυνσιογράφου 

LXR1) όπου παρατηρήθηκε το υψηλότερο επίπεδο βλαβών. 

Λέξεις κλειδιά: εγγύς ρήγματος, ισχυρή κίνηση, επίδραση τοπικών συνθηκών, 

Κεφαλονιά. 
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1. Introduction 

In January 26 and February 3 of 2014, two moderate magnitude earthquakes M6.1 and M6.0, 

respectively, occurred in Cephalonia Island (Greece). Both shocks were right lateral strike-slip 

events and occurred on the Cephalonia Transform Fault zone. Strong ground motion was recorded 

in the near fault by the permanent and temporary accelerometer network of ITSAK, with the highest 

to date acquired peak ground acceleration in Greece (PGA=0.77g at Chavriata: CHV1 station) 

(Theodoulidis et al., 2015). High level of damage on buildings and infrastructure was mainly 

observed at the Paliki peninsula, western part of the Cephalonia island, where the causative fault is 

located (Fig. 1). 

Near fault ground motion involves particular features from engineering point of view, the most 

important of which is the velocity pulse (Bouchon, 1979; Somerville, 1998; Rodriguez-Marek, 2000; 

Stewart et al., 2001; Somerville, 2003; Mavroeidis and Papageorgiou, 2003). The severe implication 

of such velocity pulses on the performance of long period structures was recognized by the majority 

of engineers only after the 1994 Northridge, California, earthquake and they started considering 

methods to incorporate the near fault effects in seismic codes. Near fault recordings are sparse 

worldwide though during the last 20 years relative database was gradually enriched. Such a database 

was compiled by Mavroeidis and Papageorgiou (2003) and served as a basis for the calibration of 

their proposed analytical model. 

 

Figure 1 - Fault projection -red rectangle- of the Feb. 3, 2014 earthquake (M6.0) (modified 

from Boncori et al., 2015) along with recorded ground displacement in both horizontal 

components of the LXR1 accelerograph. Permanent displacement at LXR1 in E-W and N-S 

directions is shown (blue arrows). Particle motion of displacement at the LXR1 station is also 

shown. 
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In the present work near fault strong ground motion characteristics are investigated in order to 

understand and -if possible- to distinguish the source and site effects, especially within the severely 

stricken area around Lixouri town (LXR1 station). For this purpose an analytical model proposed 

by Mavroeidis and Papageorgiou (2003), hereafter MP03, representative of near fault strong ground 

motion is used for the prediction of the respective velocity pulse. This model is applied at three near 

fault stations and its results are compared with observed data of the Feb. 3, 2014 earthquake in 

Cephalonia island, Greece. Apart from near fault source effects, possible influence of site effects is 

also investigated and discussed. 

2. Data and Model Used 

In this paper a simple approach is proposed to blindly predict near fault ground motion, with 

emphasis in the characteristic velocity pulse, given the causative fault geometry and its 

corresponding magnitude. To this purpose an analytical model based on the mathematical 

representation of the near fault ground motion by Mavroeidis and Papageorgiou (2003) [hereafter: 

MP03] is used. Its mathematical representation constitutes a simple analytical model for near fault 

pulses, which uses as parameters the pulse duration (period) T0 (sec), the pulse amplitude A 

(cm/sec), the signal phase νo (degrees) and the oscillatory character of the signal γ (i.e. for small γ 

the signal approaches a delta like pulse, as γ increases the number of zero crossing increases). There 

is also the parameter to, which specifies the epoch of the envelope’s peak, without affecting the 

produced pulse. This parameter provides an extra flexibility to the signal, allowing its translation 

along the time axis. The to parameter, takes suitable values, so that the synthetic pulses is coincident 

in time with the real pulses, so as to be comparable. In this work we study the form of the synthetic 

pulse and not its generating time that relates to the origin time of the earthquake, since the to 

parameter is not examined. 

The normalized velocity signal of the MP03 is expressed by the equation: 

             �̅�(𝑡̅) =  
�̅�(�̅�)

𝐴
 {  
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[1 + cos (

𝑡̅

𝛾
)] cos(𝑡̅ + 𝑣)

 0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
, −𝜋𝛾 ≤ 𝑡̅ ≤ 𝜋𝛾  𝑤𝑖𝑡ℎ  𝛾 < 1               (1) 

with 𝑡̅ = 2𝜋𝑓𝑝 (𝑡 − 𝑡0) 

According to MP03, assuming that the duration of the pulse is independent of the source-station 

distance for stations located within ≈10 km from the causative fault, velocity pulse period T0 is 

strongly correlated with the moment magnitude, Mw, through the following relation: 

wMT 5.09.20       (2) 

That is, given the earthquake magnitude of the causative fault, one can determine the expected near 

fault pulse duration, T0. 

Regarding to the independent variable A (in cm/s), which controls the pulse amplitude and the PGV 

(in cm/s), it can be directly related to the observed peak ground velocity given the fact that in MP03 

[Table 1 and 3] they are both provided. Based on the exported A values and the corresponding PGV 

data of specific earthquakes MP03 [Table 1], we correlated these two variables by a linear regression 

analysis with the following relation (Fig. 2): 

44.215.1  APGV       (3) 

That is, given the average PGV, one can determine the corresponding average near fault pulse 

amplitude, A. 
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Figure 2 - Correlation between pulse amplitude A and observed peak ground velocity, based 

on data provided in MP03. 

For the determination of PGV one of the most recent relative predictive models, namely, the NGA2 

relationship proposed by Boore et al. (2014) was chosen. This model is expressed by the equation: 

lnPGV=FE(Mw, mech)+Fp(RJB, Mw, region)+FS(VS30, RJB, Mw, region, z1)+εnσ(Mw, RJB, VS30)       (4) 

where the natural logarithm of the peak ground velocity, lnPGV, depends on the source function 

(FE ), the path function (FP) and site effect function (FS ). σ is the total standard deviation of the 

model and εn is the fractional number of standard deviations for a single predicted value of ln(PGV) 

away from the mean (for details see Boore et al., 2014). The predictive relation (4) was chosen 

among numerous published worldwide because it is based on the most extensive and updated strong 

motion database, including almost all worldwide available and reliable near fault strong motion 

recordings. 

The independent variables of the relation (4) are, the fault type (‘mech’) (0 for “unspecified”, 1 for 

SS-“strike slip”, 2 for NS-“normal” and 3 for RS-“thrust & reverse”), the moment magnitude (Mw), 

the Joyner-Boore distance (RJB in km; defined as the closest distance to the surface projection of the 

fault, which is approximately equal to the epicentral distance for events of Mw<6), the parameter 

‘region’, which is related to the regional variations in crustal damping and is 0 if no regional 

correction is to be made, 1 for California, New Zealand and Taiwan (indicated as “average Q”, 2 for 

Italy and Japan (indicated as “low Q”) and 3 for China and Turkey (indicated as “high Q”). 

Regarding the site parameters, the average shear-wave velocity VS30 (in m/s) and the basin depth Z1 

(in Km), up to which shear wave velocity reaches the horizon of 1.0 Km/s. In case that Z1 is unknown, 

the function FδZ1, that is a component function of the FS function, is zero (FδZ1=0) and it is not taken 

into account in the estimation of PGV. εn is the fractional number of standard deviations of a singl

e predicted value of lnPGV away from the mean and σ is the total standard deviation of the model. 

That is, given the aforementioned parameters, one can determine the corresponding PGV. Hence, 

considering all the above, the parameters which could determine the form of the synthetic pulse 

based on the analytical model of MP03, are the ‘mech’, Mw, RJB, ‘region’, VS30 , Z1 , ν and γ. In 

order to test the proposed in this work approach, recorded ground velocities at the ARG2, CHV1 

and LXR1 are used (Theodoulidis et al., 2015). The extracted results concerning the pulse simulati

on process mentioned above were obtained by using the software platform of MATLAB (2012). 
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3. Results 

3.1. Seismic Source Effects 

In this study, comparison of the synthetic pulses in relation to the real maximum ones for the average 

PGV horizontal component, is done. For each one of the examined stations, the same independent 

parameters ‘mech’, Mw , RJB , ‘region’, VS30,  Z1, were used while the parameters ν and γ were given 

a range of values. The values of the independent parameters stem from the Cephalonia, Feb. 3, 2014 

earthquake, as well as from information of the Lixouri, Chavriata and Argostoli stations; LXR1, 

CHV1 and ARG2, respectively. According to the MP03 study, the values of γ must be greater than 

1 and up to a maximum 3. For the simulations three representative values within this range, 1.5, 2 

and 2.5 are used. Regarding the v parameter, the simulations were performed for selected discrete 

values of ν=0o, 90 o, 180 o, and 270 o, because the rest possible pulses are included within their range. 

It should be noted, that the simulations performed referred to average PGV values, since standard 

deviations σ is not taken into account (εn=0). 

The simulations performed refer to the Cephalonia, Feb. 3, 2015 earthquake, in near fault stations 

LXR1, CHV1, ARG2, as mentioned above. Therefore the parameters ‘mech’ and ‘region’ which 

depend only on the source characteristics, maintain their values stable. The earthquake and 

consequently the simulations concern to a fault, characterized by a right-lateral mechanism with small 

reverse component (Boncori et al., 2015; among others) close to the well-defined Cephalonia transform 

fault of (CTF) (Scordilis et al., 1985; Louvari et al., 1999). Hence the parameter ‘mech’ is taken equal 

to 1, for SS - “strike slip” faults and the parameter ‘region’ is taken equal to 2 because high seismic 

attenuation (low Q factor) in Greece (Hatzidimitriou et al., 1993) matches better with the attenuation 

regime in Italy and Japan. Magnitude of the mainshock is equal to 6.0 and the parameters RJB and Vs30, 

are station dependent. According to Boncori et al. (2015) their preferred seismic fault model and its 

surface projection is the one shown in Fig. 1, as red rectangle, that we adopted in our study. The Joyner-

Boore distance, RJB, is 0.5km, 4.5km and 5.5km, for the LXR1, CHV1 and ARG2 stations, 

respectively. The Vs30 values are 480m/s, 480m/s and 440m/s, for the LXR1, CHV1 and ARG2 

stations, respectively (Theodoulidis et al., 2015). Concerning the ARG2 station an alternative value of 

VS30  equal to 750m/s was also considered based on the observed Vsz values for depth greater than 10m 

at the station. Basin depth Z1 in all three stations is unknown and hence FδZ1=0 was taken. The values 

used for near fault pulses in this study, are presented in Table 1. 

Table 1 - The values which are used in this paper about the simulation production and 

corresponding to the Cephalonia, Feb. 3, 2014 earthquake (M6.0). 

Station Code/ 

Model  

Parameters 

LXR1 CHV1 ARG2 

RJB (km) 0.5 4.5 5.5 

VS30 (m/sec) 480 480 440 750 

ν (deg.) 0, 90, 180, 270  0, 90, 180, 270 0, 90, 180, 270 

γ  1.5, 

2.0, 2.5  

1.5, 2.0, 

2.5 

1.5, 2.0, 

2.5 

1.5, 2.0, 2.5 1.5, 2.0, 

2.5 

1.5, 2.0, 

2.5 

εn 0 0 0 0 0 0 

For the station in Chavriata (CHV1) which is 4.5 km away from the fault projection, Fig. 3 clearly 

shows that the real maximum pulse recorded in N-S component, is in good agreement with the 

synthetic pulses. Most specifically, the synthetic pulse with period To=1.25sec, for values ν=0o, γ=2 

and amplitude A=67cm/sec is the best fit with the observed pulse. In this case, both period pulse and 

amplitude are comparable. The main difference between synthetic and observed data is the high 

frequency content, ~3Hz, of the latter that may be due to local site effects. 
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Figure 3 - Velocity pulse simulations (red lines) in comparison with the maximum recorded 

velocity pulse at the CHV1, in N-S horizontal component (blue line), of the Cephalonia, Feb. 

3, 2014 earthquake (M6.0). 

For the station in Argostoli (ARG2) which is 5.5 km away from the fault projection, it is clearly 

shown that the observed maximum pulse recorded in N-S component, is in good agreement with the 

synthetic pulses, mainly with the synthetic pulse with period To= 1.25sec, for values ν=180o, γ=2 

and amplitude A=-35.5cm/sec, but for Vs30=750m/sec (Fig. 4). It is evident that in order to better 

simulate the velocity pulse at ARG2 station higher shear wave velocity, Vs30, is required. 

Synthetic velocity pulse at Lixouri station (LXR1), which is almost on the surface projection of the 

activated fault with RJB = 0.5km, does not present satisfactory overlapping with the observed 

maximum velocity pulse which was recorded in E-W component (Fig. 5). The best fit is achieved 

for values ν=180o and γ=2 where synthetic pulse satisfactorily approaches the inverted “bell” shape 

of the observed pulse. The velocity pulse of the observed data shows a period To=1.48sec and pulse 

amplitude A is -118 cm/sec, while the synthetic a period To=1.25sec and amplitude PGV=-81 

cm/sec. This remarkable disagreement between synthetics and observed data both in amplitude and 

pulse period may be due to local site effects and deserves further investigation. 
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Figure 4 - Velocity pulse simulations (VS30=440m/s in red lines; VS30=750m/s in black lines) in 

comparison with the maximum recorded velocity pulse at the ARG2, in N-S horizontal 

component (blue line), of the Cephalonia, Feb. 3, 2014 earthquake (M6.0). 

  

Figure 5 - Velocity pulse simulations (red lines) in comparison with the maximum recorded 

velocity pulse at the LXR1, in E-W horizontal component (blue line), of the Cephalonia, Feb. 

3, 2014 earthquake (M6.0). 
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3.2. Site effects at LXR1 station 

The Lixouri station (LXR1) was almost on the fault projection and according to source 

characteristics directivity effect was expected to be very important (Fig. 1). According to Boncori 

et al. (2015), permanent displacement was observed at the Paliki peninsula. More specifically, based 

on SAR measurements, they observed a clear southeast coseismic displacement of the southeastern 

part of the Paliki peninsula where Lixouri town is situated. In order to investigate such a 

phenomenon based on recorded acceleration time history at LXR1 station, uncorrected displacement 

time history for both horizontal components was calculated (Fig.1). The broadband accelerometer 

(To=20sec) coupled with high resolution digitizer (24bits) allows for permanent displacement 

detection. In the N-S fault parallel component a permanent displacement of about 12cm is observed, 

in good agreement with that estimated, around 10cm, from the SAR measurements. In the E-W fault 

normal component a permanent displacement of about 24cm is also evident, the so-called ‘fling step’ 

usually observed close to the causative fault. Although in E-W component there is present coseismic 

slip it is much lower than 24cm. This is an indication that apart from the source properties there may 

be a local factor that strongly affected the permanent ground displacement at LXR1 station in the E-

W direction. In addition, particle motion of ground displacement shows a preferable Ε-W direction 

while the larger ellipsis of the particle motion is shifted to southeast of Lixouri (Fig. 1). 

In order to investigate influence of strong ground motion on the Horizontal to Vertical (H/V) spectral 

ratio (Nakamura, 1989; Lermo and Chavez-Garcia, 1994; Theodoulidis and Bard, 1995; SESAME 

Project, 2004; among others) a 5sec window including mainly the S-wave part of the accelerogram 

was used. Using the ‘geopsy’ software (www.geopsy.org) a clear H/V peak around indicates a 

fundamental frequency fo=0.78Hz with a corresponding amplitude 7.5 has been identified (Fig. 6a). 

Using the low amplitude acceleration time history, that is the part of motion beyond S-weaves, a 

fundamental frequency fo=1.7Hz with a corresponding amplitude ~5 is observed (Fig. 6b). A shift 

of the fundamental frequency towards lower frequency is clear when ground motion amplitude is 

increased at LXR1 station. The fundamental period, To=1/fo≈1.3sec, of the strong motion S-wave 

window is close to the period pulse, that varies between 1.25sec and 1.48sec for the synthetic and 

observed data, respectively. 

(a)  

(b)  

Figure 6 - Horizontal to Vertical spectral ratio at the LXR1 station: (a) using the most 

energetic part of the acceleration time history and (b) the part beyond the S-waves. 

3. Discussion and Conclusions 

In this work an effort to simulate the characteristic near fault velocity pulse of the Cephalonia Feb. 

3, 2014 earthquake, is attempted. For this purpose a simple analytical model (Mavroeidis and 
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Papageorgiou, 2003) in combination with a recently proposed empirical predictive model of peak 

ground velocity (Boore et al., 2014) are adopted. The proposed approach is applied to three near 

fault stations (ARG2, CHV1 and LXR1) where high values of peak ground velocities were recorded. 

Comparison of the synthetic near fault velocity pulses with the observed ones showed satisfactory 

agreement in terms of amplitude and period of the pulse for all three stations. This fact encourages 

use of the proposed in this paper approach in order to blindly predict near fault ground velocity 

pulses, responsible for high level damage especially on long period constructions. 

However, for the LXR1 station a 15% increase of the recorded period pulse and 40% of its 

amplitude, with respect to the synthetic, one is observed. In addition, from the H/V spectral ratio 

analyses it seems that fundamental frequency of the surface layers overlain the station drastically 

changes from high to low amplitude ground motion. Most probably, the representative fundamental 

frequency of the site is obscured by the source effects (e.g. rupture directivity, fling step) that are 

intense in the near fault zone. This assumption is further supported by the fact that aftershocks’ H/V 

spectral ratio analyses for the LXR1 station, using low amplitude ground motion recordings, with 

PGA<0.05g, showed a fundamental frequency 1.5Hz<fo<2.0Hz (Theodoulidis N., pers. 

communication, 2015). However, further theoretical investigation, especially in local soil behaviour, 

is needed (e.g. possible non-linearity) in order to better understand and constrain observed ground 

motion of the Cephalonia, Feb. 3, 2014 earthquake at the LXR1 station. 
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